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ATP: adenosine 5 '-triphosphate
BALB/3T3: m ouse embryo fibroblast cell line
BEP2D: papillom a virus-im m ortalized hum an bronchial epithelial cells 
BLOTTO: bovine lacto transfer technique optimizer solution 
bp: base pairs
BSA: bovine serum  album ine
BSAPBS: bovine serum  albumine in phosphate-buffered saline
Bst NI: restriction enzyme recognizing and cleaving the sequence CCTGG
C3H lO Tl/2: mouse embryo fibroblast cell line
Carnoy's fixative: 1 part glacial acetic acid : 3 parts absolute m ethanol
CM l: secondary anti-p53 antibody
CML: chronic myelogenous leukaemia
CTP: cytidine triphosphate
DAB: 3',3-diam inobenzidine
Dalton M ark VII-L: unstained protein molecular weight m arker [Sigma]
dATP: 2'-deoxyadenosine 5'-triphosphate
dCTP: 2'-deoxycytidine 5'-triphosphate
DDT: dithiothereitol
DEPC: diethyl pyrocargonate
A b b reviation s / x v i :
df: degrees of freedom
dGTP; 2'"deoxyguanosine 5’-triphosphate
DMSO: dimethyl sulphoxide
dNTPs: deoxyribonucleoside triphosphates
DO-1: prim ary anti-p53 antibody which precipitates both wild type and 
m utant p53 protein 
dsb: double strand break 
DTT: D ithiothreitol 
dTTP: deoxythym idine
EcoR I: restriction enzyme recognizing the nucleotide sequence GAATTC 
EDTA: ethylenediaminetetra-acetic acid 
ECS: foetal calf serum
F12/DMEM: Ham's F12/Dulbecco MEM m edium
G418: biochemical marker
Gel Soak 1: 1 0.5 N  NaOH and 1 M NaCl
Gel Soak 2: 0.5 M Tris-HCl pH  7.4, and 3 M NaCl
GTE: glucose, Tris-HCl, and EDTA solution
GTP: guanosine triphosphate
H185B5: hum an m am m ary epithelial cells
Hae III: restriction enzyme recognizing the nucleotide sequence GGCC
HBS: H ank's balanced solution
HCT116: hum an colon carcinoma cell line
H&E: hematoxylin and eosin
hgprt: hypoxanthine-guanine phosphoribosyl transferase gene
Hind III: restric tion  enzym e recognizing  the n ucleo tide  sequence
AAGCTT
Hoechst 33258 dye: DNA-intercalating dye which excites at 360 nm  and 
emits at 490 - 500 nm
A b b rev iation s / x v i : :
HOS: hum an osteocarcinoma cell line
Hph I: restriction enzyme recognizing and cleaving the sequence GGTGA 
HPV: H um an Papilloma virus 
HRP: H orderadish peroxidase
HToriS: SV40 im m ortalized hum an thyroid epithelial cell line
HUG: im m ortalized hum an uroepithelial cells
HuT: series of m alignant hum an fibroblast cell lines
IF8: anti-retinoblastoma m utant protein antibody
INT: 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl“tetra-zolium  chloride
KD: hum an diploid skin fibroblasts
KMS-6: norm al hum an fibroblasts
KMST-6: y-ray im m ortalized hum an fibroblast cell line
Lambda DNA: DNA ladder marker cut with restriction enzyme EcoR I
LB broth: Luria Broth consisting of Bactotryptone, Bacto yeast extract,
NaCl, Bacto-agar, and ampicillin 
LET: linear energy transfer
MNF116: m urine anti-cytokeratin antibody [DAKO]
MNNG: 4-nitroquinoline-l-oxide and N-m ethyl-N '-nitro-N- 
n itrosoguanid ine 
MQ: Milli Q distilled water
Msp I: restriction enzyme recognizing and cleaving the sequence CCGG 
NET buffer: lysis buffer consisting of 50 mM NaCl, 50 mM Tris, 5 mM 
EDTA, 1% NP-40, and 350 p g /m l phenylm ethylsulfonyl fluoride 
N ick stop mix: m ixture of of 0.9% blue dextran, 0.03% brom ocresol 
purple, and 20 mM EDTA 
NIH 3T3: m ouse embryo fibroblast cell line 
NP-40: nonionic detergent N onidet P40
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nude mice: congenitally athymic nude mice, strain M Fl n u /n u  [OLAC 
Ltd]
OH»: hydroxyl radical
P161: rabbit anti-mouse IgG HRP conjugated polyclonal antibody [DAKO] 
PAb 240: monoclonal anti-p53 antibody which precipitates m utant p53 
p ro te in
PAb 405: m urine monoclonal anti-T antigen antibody 
PAGE: nondenaturing polyacrylamide gel 
PBS: phosphate-buffered saline 
PCR: polym erase chain reaction
PCR-SSCP: polymerase chain reaction - single strand conformation 
polym orphism  analysis 
32p CTP: 32p-iabeled cytidine triphosphate 
PE: plating efficiency 
PEG: polyethylene glycol
Ph chromosome: Philadelphia chromosome (9;22 translocation)
PMSF: phenylm ethylsulfonyl fluoride 
prim ers: short oligonucleotide sequences
pSPT 18: vector containing RNApolymerase promoters from T7 and SP6 
phages flanking the pUC 18 multiple cloning site 
pSPT 19: vectors containing RNApolymerase promoters from  T7 and 
SP6 phages flanking the pUC 18 multiple cloning site 
Rb: retinoblastom a gene 
RBE: relative biological effectiveness 
RCF: relative centrifugal force
REACT 2: reaction buffer consisting of 50 mM Tris-HCl, pH  8.0,10 mM 
MgCl2, and 50 mM NaCl [Gibco BRL]
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REACT 3: reaction buffer consisting of 50 mM Tris-HCl, pH  8.0,10 mM 
MgCl2 , and 0.1 M NaCl [Gibco BRL]
RFLP: restriction fragm ent lenght polymorphisms 
RHEK-1: hum an epidermal keratinocyte cell line 
rpm: revolutions per m inute
RPMI 1640: Rose well Park Memorial Institute tissue culture m edium  1640 
SDS: sodium  dodecyl sulfate
SDS-PAGE: sodium  dodecyl sulfate-polyacrylamide gel electophoresis 
SEM: scanning electron microscopy 
SF: surviving fraction
S081-201: sheep anti-mouse polyclonal antibody conjugated with 
H orderadish peroxidase [SAPU] 
ssb: single strand break
SSC: buffer consisting of 1,5 M NaCl and 0.15 M sodium  citrate 
SSPBS: sheep serum  in phosphate-buffered saline 
SV40: Simian virus 40
SV orr: replication origin defective SV40 genome 
SW480: hum an colon adenocarcinoma cell line 
T24: hum an bladder carcinoma cell line 
T7: bacteriophage RNA polymerase 
T-antigen: SV40 large T antigen (94 kDa) 
t-antigen: SV40 small t-antigen (17 kDa)
Taq: therm ostable DNA polymerase isolated from eubacteria Thermus 
aquaticus
TBE: Tris-borate and ethylenediaminetetra-acetic acid 
TE: Tris (hydroxymethyl) methylamine and ethylenediam inetetra-acetic 
acid solution 
TEMED: N ,N ,N ',N ’ - tetram ethylethylenediam ine
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TNE: Tris Cl, NaCl, and ethylenediaminetetra-acetic acid solution
TEA: diterpene phorbol ester, and 12-0-tetra-decanoylphorbol-13-acetate
Tris: Tris (hydroxymethyl) methylamine
UTP: uridine 5'-triphosphate
UV: ultraviolet light
VPl-3: SV40 viral capsid protein
0X174 Hae III digest: DNA marker
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A b s t r a c t
N eoplastic transform ation of hum an thyroid  epithelial cells has 
been investigated following exposure to ionizing radiation in vitro. The 
effects of radiation type, irradiation regime, and postirradiation passaging 
w ere exam ined using a hum an thyroid epithelial cell line, designated 
HTori3, which was previously im m ortalized with SV40 genome.
Exponentially grow ing HToriS cells were irrad ia ted  w ith  graded  
doses of 137^3 y_ and 238pu a-irradiation. Cells were irradiated with either 
a single or multiple doses of 0.5, 1, 2, 3, or 4 Gy y-radiation, or single doses 
of 0.125, 0.25, 0.5, 1, or 1.5 Gy a-radiation. Following passaging, the cells 
w ere transplanted  into the a thym ic nude mice, and the anim als were 
screened for tum our formation.
Statistically significant increases in tum our incidence were obtained 
w ith  both  y- and a -irrad ia tio n  and  w ith  both  single and  m ultip le  
irradiation regimes as compared w ith the un-irradiated group. Regardless 
of radiation type and or radiation regime there appears to be a trend, w ith 
increasing doses of radiation, in which tum our incidence increases and 
reaches a m axim um , after w hich the tum our incidence decreases. 
T um ours w ere characterized  by h istopatho log ical exam ination  as 
undifferentiated carcinomas. Investigation of expression time following 
irrad ia tio n  dem onstra ted  that post-irrad ia tion  passag ing , generally  
regarded  as a critical step for expression of rad iation-induced  DNA 
damage, was not a prerequisite for the neoplastic conversion of irradiated 
cells w ith this system.
Cell lines w ere estab lish ed  from  the tu m o u rs  and  th e ir  
identification and characterization carried out. All cell lines established
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w ere determ ined to be derived from the parent HTori3 cells by DNA 
fingerprinting, karyotype analysis, cytokeratin staining, and SV40 large T- 
antigen staining.
Tumorigenicity of the cell lines was confirmed by retransplantation. 
Com parison of the m orphology in vitro show ed that the tum our cell 
lines retained the basic epithelial m orphology of the parent HTori3 cells. 
Investigation of radiosensitivity showed that none of the 6 tum our cell 
lines exam ined had a higher radiosensitivity com pared to the paren t 
H Tori3 cells. This excludes the possib ility  th a t the observed  
tran sfo rm atio n  w as the re su lt of the selection of a p re-ex isting  
transform ed subpopulation of the parent cells bu t that radiation-induced 
transform ants were being induced de novo.
The tum our cell lines were screened for m utations in H- and K-ras 
oncogenes using restriction enzyme analysis of PCR amplified DNA. No 
m uta tions w ere detected  in 26 tum our cell lines suggesting  th a t 
m utations in these two genes do not appear to be involved in radiation- 
induced  neoplastic transform ation in hum an thyro id  epithelial cells. 
Screening for m utations in p53 pro tein  using im m unoprécip ita tion  
m ethod detected no m utations in 6 tum our cell lines.
This hum an thyroid epithelial cell line may thus be useful for the in 
vitro study of cellular and m olecular mechanisms that are involved in 
hum an epithelial cell carcinogenesis.
"There is an incidence of cancer that cannot be reached by the physician's 
medicaments, surgeon's knife, or any organized advice against panic. 
Nothing but the actual conquest of cancer itself will remove this sword 
that today hangs over every head."
From the welcome by President Glenn Frank to participants in "A Symposium on Cancer" 
Madison, Wisconsin, 1936
Chapter 1 
I N T R O D U C T I O N
1.1. General introduction
The study of hum an cell transform ation in vitro by carcinogenic 
agents is of particular im portance for an im proved understand ing  the 
m olecular and cellular m echanism s underlying hum an carcinogenesis. 
Over the last two decades, there has been considerable interest in the study 
of in vitro neoplastic transform ation by ionizing radiation.
Ionizing radiation was the first environm ental agent show n to be 
m utagenic (Muller, 1927) and is now  well recognized as a carcinogen 
(U pton, 1984; Shigem atsu & Kagan, 1986). The carcinogenic actions of 
ionizing radiation has been well docum ented in epidemiological studies of 
hum ans (BEIR, 1972; Rossi & Kellerer, 1974; UNSCEAR, 1977). Background 
irrad iation  (from cosmic rays and radioisotopes) and m odern  m edicine 
m akes ionizing radiation a common carcinogenic agent to which hum ans 
are exposed (Breimer, 1988).
It has been show n that ionizing radiation can induce tum ours in 
various tissues and organs in anim als (Upton, 1986) and  can cause
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transform ation of rodent cells in culture (Borek & Sachs, 1966; Borek & 
Hall, 1973, Borek, 1982; Little, 1986).
A lthough there are m any reports where in vitro transform ation of 
rodent cells has occurred following irradiation, there are only a few reports 
of in vitro transform ation of hum an cells. In particu lar, the literature 
concerning the transform ation of hum an epithelial cells in vitro is scarce. 
This can be attributed partly to the difficulties in growing hum an cells in 
culture, especially those of epithelial origin, and to the relatively stable 
phenotype of hum an cells (Chang, 1986). Thus, the m echanism  underlying 
neoplastic transform ation of hum an cells is poorly understood.
Since the m ost common hum an cancers develop from  epithelial 
cells the s tudy  of neoplastic transform ation of such cells is of great 
importance. The majority of studies of carcinogenesis have relied upon the 
use of ro d en t cells. In design ing  experim ental m odels to s tu d y  
m echanism s of hum an carcinogenesis it can be argued that it w ould  be 
m ore relevant to use hum an epithelial cells.
In this study an SV-40 im m ortalized hum an thyroid  epithelial cell 
line was used in order to develop an in vitro experimental m odel for easy 
induction and detection of neoplastic transformation by ionizing radiation.
1.2. Mechanisms of radiation transformation
Ionizing rad iation  has long been im plicated in the induction  of 
tum ours in  hum ans and  experim ental anim als (K aplan, 1967). The 
carcinogenic effect of radiation is thought to be due to DNA alteration or 
the failure of/inaccuracy of subsequent DNA repair mechanisms.
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1.2.1. DNA damage induced by ionizing radiation
It is now  almost certain that DNA represents the m ost critical target 
in m am m alian cells that m ust be dam aged to kill the cell (Hall, 1988). 
R adiation-induced  DNA dam age can lead to cell k illing, m u ta tio n  
in d u c tio n  in specific genes, or carcinogenesis. To s tu d y  rad ia tio n  
carcinogenesis, it is essential to understand the events which are involved 
at the molecular level.
A lthough the literature on the genetic effects of ionizing radiation is 
im m ense, the m olecu lar m echanism (s) invo lved  are no t c learly  
understood. One reason for this is that radiation produces a large num ber 
of DNA lesions (H utchinson, 1985). These include a variety  of base 
alterations, DNA single- and double-strand breaks, DNA deletions, and 
inversions (Wallace, 1983; Hutchinson, 1985; Urlaub et a l, 1986).
The type of DNA damage depends on the type of radiation to which 
biological m aterial is exposed. High energy transfer (LET) radiation (a- 
p a rtic le s , p ro to n s , heavy  charged  ions) is b e liev ed  to in te ra c t 
predom inantly directly with the critical targets in the cells (Hall, 1988). This 
is called the direct action of radiation. Individual high LET rad iation  
particles have sufficient kinetic energy to directly d isrupt the structure of 
critical molecules producing the chemical and biological changes (Figure
1.2.1.1.).
A lternatively, low LET radiation (y- or X-rays) exerts its effect to a 
greater extent by the so called indirect action. This involves interaction of 
rad iation  w ith other atoms and molecules in the cells to produce free 
radicals which can diffuse short distances and dam age the cellular DNA 
(Figure 1.2.1.1.). The proportion of indirect damage of the overall damage
T n tro d i ic î . in n  / 4
INDIRECT
HCTIÜN
photon
photon
DIRECT
RCTIDN
Figure 1.2.1.1, Mechanisms of radiation-induced DNA damage: the direct and indirect 
actions of ionizing radiation. The letters S,P,A,T,G, and C represent sugar, phosphorus, 
adenine, thymine, guanine, and cytosine, respectively. Indirect action is dominant for 
sparsely ionizing radiation, such as X-rays (redrawn from Hall, 1988).
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is greater following low LET radiation com pared to high LET radiation 
(Milligan et a l, 993a; 1993b).
Since 80% of a cell is composed of water, it is believed that cellular 
w ater plays a critical role in the production of free radicals (Hall, 1988). 
Interaction of radiation w ith w ater molecules results in excitation and 
ionization of these molecules. This is called the physical phase which takes 
only 10~15 sec. W ater ions produced in this way have a very short half life 
of about lO'^O sec, they decay to form free radicals (half life about 10"  ^ sec). 
A m ong these, the highly reactive hydroxyl radical (OH«) is estim ated to 
play major role in DNA damage induced by low LET radiation.
Hydroxyl radicals can diffuse very quickly and cause the breakage of 
chem ical bonds of biologically im portan t molecules. For istance, OH*
radicals m ay oxidise DNA molecule abstracting hydrogen atoms from the 
base altering nucleotide structure and stability (Hutchinson, 1985).
The time scale involved in these events varies enorm ously. W hile 
the physics and chem istry of the process may take only a split second, 
biologicals effect (eg. cancer) may be expressed years to decades later.
Ionizing radiation exerts the bulk of its dam aging effects through free 
radicals, particularly hydroxyl radicals (Breimer, 1988). There are broad 
spectrum  of prim ary DNA lesions that are produced by ionizing radiation 
(Ljungquist & Lindhal, 1974; W ard & Kuo, 1976; Cerutti, 1976; Teoule & 
Cadet, 1978; H utchinson, 1985; Breimer, 1985) (Figure 1.2.1.2.). The m ost 
common lesions are:
single strand break (ssb) 
double strand break (dsb) 
base damage 
DNA protein cross-links 
sugar damage
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DNA-PROTEIN
CROSSLINK
BASE
DAMAGE
SUGAR DAMAGE
DOUBLE S TR A N D  BREAK
BASE D E T A C H M E N T
SINGLE STR A ND  BREAK
D N A  INTERSTRAND LINK
Figure I.2.I.2. The spectrum of DNA damage that occurs as a result of radiation 
exposure (redrawn from Frankenberg-Schwager, 1989).
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1.2.1.1, Single strand breaks
The literature on DNA strand breaks induced by ionizing radiation is 
im mense (for reviews see Cerutti, 1976; H utterm an et a l, 1978; Thacker & 
Cox, 1983; H utchinson, 1985; Thacker, 1986; Breimer, 1988). It is now  
accepted that both single strand breaks (ssb) and double strand breaks (dsb) 
are generated by direct action and indirect action (free radicals) of ionizing 
radiation (Breimer, 1988).
The ssb usually  occur at the phosphodiester linkage of the DNA 
chain, and can be produced by direct action of radiation, as a result of a 
local deposition of relatively large am ounts of radiation energy at the site 
of the phosphodiester linkage. However, low LET radiation produces ssb 
m ainly through free radicals (particularly hydroxyl radical) (Milligan et a l, 
1993b). The ssb can also be produced as a consequence of base and sugar 
damage.
1.2.1.2. Double strand break
A dsb is described as a breakage of both DNA strands at sites which 
are less then 3 base pairs apart (Bryant, 1984; 1988). The dsb is regarded to be 
one of the m ost im portan t prim ary DNA lesions and  responsible for 
chrom osom al aberrations and carcinogenic effects of ionzing rad iation  
(Thacker 1986; Bryant, 1989). There is evidence that the dsb induces 
m utations by the m echanism  of DNA deletion (W haley & Little, 1986; 
Helbig et a l, 1994).
The num ber of DNA breaks (ssb and dsb) is p roportional to the 
rad iation  dose, and is a m easure of the degree of insult, i.e. the total 
am ount of rad iation  energy deposited (Coquerelle et a l, 1976; Breimer, 
1988).
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1.2.1.3. Base damage
A lthough the ssb have been traditionally  regarded  as the m ost 
frequen t rad iation  lesion, it is estim ated that base lesions are equally 
frequent (Hutchinson, 1985). According to some authors, base dam age is 
one of the m ost common radiation induced DNA lesion (Cerutti, 1976; 
Frankenberg-Schwager, 1989). W ard (1985) has calculated that base lesions 
m ay be at least twice as common as DNA strand breaks.
There are m any different types of base dam age induced by ionizing 
radiation (Hutchinson, 1985). These include saturation and fragm entation 
of the purine and pyrim idine bases (Teoule et al., 1977; Teoule & Cadet, 
1978; Bonicel et a l, 1980; Breimer, 1984; Hutchinson, 1985; Cadet & Berger, 
1985; Breimer & Lindahl, 1985a). Partial or complete destruction of purines 
and pyrim idines are thought to be caused m ainly by the action of free 
radicals, particularly OH* radicals (Hutchinson, 1985).
1.2.1.4. DNA protein cross-links
Cellular DNA is norm ally linked to various nuclear proteins which 
are involved in packaging of DNA (histones), transcription (transcription 
factors) and replication proteins (Chiu et a l, 1982; Rawn, 1983; Adam s et 
a l, 1986; Oleinick et a l, 1986; Alberts et a l, 1991). It has been dem onstrated 
that ionizing radiation causes additional DNA-protein links in the V79-4 
cell line (Oleinick et a l, 1986).
1.2.1.5. Sugar damage
Sugar m olecules (2-deoxyribose), linked w ith  p h o sp h o d ieste r, 
represents the backbone of the DNA molecule. Sugar dam age m ay be the 
resu lt of both the direct and indirect action of ionizing radiation. It is
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thought that sugar damage m ay lead to the base loss and the ssb (Lamaire 
et al., 1984; Deeble & von Sonntag, 1984).
1.2.2. DNA repair
DNA is a highly reactive chemical species and therefore is the target 
of num erous physical (eg. radiation) and chemical agents (some anticancer 
drugs). It is therefore quite rem arkable that DNA is functionally m ore 
stable than the two other cellular macromolecules, RNA and protein. This 
stability can be attributed to the double-helical structure, which carries the 
inform ation in duplicate. Equally im portant for functional stability  of 
DNA are various DNA repair mechanisms.
Cells m ust repair DNA dam age in order to m ain ta in  norm al 
function and proliferation. Eukaryotic as well as prokaryotic cells possess a 
complex mechanism for repair of different types of DNA damage. Several 
m echanism s for DNA repair have been proposed such as direct repair, 
excision repair, recom binational repair, repair of crosslinks (for a review 
see Sancar & Sancar, 1988). For example, direct ligation and the single 
strand annealing models have been proposed as mechanisms for dsb (Lin 
et a l, 1984; 1987). A m odel for dsb repair involving DNA recom bination 
was also proposed by Resnick (1976).
Different repair mechanisms m ay be activated depending on the type 
and  extent of DNA damage. For example, following base dam age, two 
m odes of excision repair are know n to occur: nucleotide excision repair 
and base excision repair (Sancar & Sancar, 1988). The nucleotide excision 
repair involves the removal of a section of DNA containing the lesion and 
the repair synthesis using the intact DNA strand as a tem plate. This 
process seems to require at least four enzyme activities: a) a specific
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endonuclease to cut the DNA strand close to the lesion; b) an exonuclease 
to remove the damage; c) a polymerase to synthesize DNA in the gap; and 
d) a ligase to restore the continuity of the DNA strand.
In base excision repair, on the other hand, the dam aged base is 
enzym atically  rem oved by a specific DNA glycosylase. The resu lting  
a p u rin ic /ap y rim id in e  (AP) site is restored  by the action of an AP 
endonuclease and exonuclease and the gap closed by repair synthesis and 
ligation.
N ucleotide excision repair acts on "bulky lesions" (eg. pyrim idine 
dimers), makes repair patches 10 to 20 nucleotide long and requires up  to 
24 hours for com pletion. Base excision repair acts on sm all lesions 
consisting at m ost of several nucleotides (eg. deam inated cytosine), and 
repair is complete w ithin an hour.
Following radiation-induced DNA damage both m odes of repair will 
be activated. "Short-patch" repair will operate on sm all DNA lesions, 
w hile "long-patch" repair will operate in response to "bulky" lesions 
(Hanawalt et al., 1979; Teoule, 1987).
A deficiency in DNA repair appears to be a factor facilitating the 
accum ulation in one cell of the gene changes required for developm ent of 
cancer (Riley, 1982; Sanford et a l, 1989). It has been reported that hum an 
m am m ary  ep ith e lia l cells can aqu ire  a DNA re p a ir  defic iency  
spontaneously  during  prolonged culture or after treatm ent w ith  ras 
oncogene (Sanford et al, 1992). This repair deficiency was m anifested as an 
abnorm al frequency of persistent chrom atid dam age after exposure to X- 
rays during the G2 phase of the cell cycle.
The DNA repair process should result in com plete and error-free 
repair. U nrepaired  or m isrepaired DNA dam age m ay be expressed in
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different ways, such as chromosomal aberrations and micronuclei. These 
m ay consequently lead to cell death or neoplastic transformation.
1.2.3. Radiation induced mutations
A m utation  is defined as a heritable change in the nucleotide 
sequence of a DNA molecule (Watson, 1973; Lewin, 1990). A lthough there 
are changes that produce no change in the amino acid sequence of the 
protein  product (synonymous mutations), many changes lead to changes 
in protein product (non synonymous mutations).
M utations m ay occur either as a result of an error in norm al DNA 
replication or DNA dam age (e.g. radiation-induced) w hich has been 
m isrep aired . There is evidence th a t m u tations are no t ran d o m ly  
d istributed in the genome, but that are sites w here m utations occur w ith 
greater frequency (W atson, 1973; Lewin, 1983). These sites are called 
m u tation  "hotspots". It is suggested that "hotspots" exist w ith in  the 
g en o m e fo r ra d ia tio n  in d u c e d  changes (such  as d e le tio n s)  
(Sankaranarayanan, 1991).
Deletions are defined as the loss of one or m ore nucleotide bases 
from the DNA molecules. In contrast, insertions are the addition of one or 
m ore nucleotide bases into the DNA sequence. It is believed that radiation 
induces predom inantly the deletion type of m utation
Recently, it has been suggested that deletions m ay be the m ost 
com m on lesion induced  by ionizing rad iation  (W aldren et al., 1986). 
Studies w ith  the hypoxanthine-guanine phosphoribosyl transferase gene 
ihgprt) have shown that 58 independent mutants of the gene induced by y- 
radiation were the result of complete deletion of the gene (Cox & Masson,
1978).
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1.2,4. Activation of cellular proto-oncogenes
Proto-oncogenes are norm al evolutionary conserved cellular genes, 
present in all m am m alian cells which, when activated, m ay contribute to 
the carcinogenic processes. M any of these genes have been found to have a 
counterpart am ong the viral oncogenes which led to the conclusion that 
viral oncogenes were m utated  forms of essential cellular genes (Bishop, 
1983). Proto-oncogenes encode proteins involved in all aspects of cell 
proliferation, and differentiation (for review, see Bishop 1983, W einberg 
R., 1989; W ynford-Thomas, 1991; M inden & Pawson, 1992). In normal cells, 
these genes are expressed, but do not result in cancer developm ent as their 
expression is tightly controlled.
A ctivation of proto-oncogenes usually  occurs as the re su lt of 
m utation, gene amplification, or rearrangem ents (for review , see Land et 
al., 1983; Bishop, 1983). Single point m utations can significantly alter the 
biological function of norm al genes. For example, ras genes acquire 
transform ation-inducing properties following point m utation w ithin their 
coding regions (Tabin et al., 1982; Taparowski et a l, 1982). It was found that 
m utations in ras oncogenes were predom inantly  located in codons 12 
(Tabin et a l, 1982; Reddy et a l, 1982), and 61 (Taparowski et a l, 1983; Yuasa 
et a l, 1983). It appears that the glycine residue at position 12 is essential for 
the norm al function of ras proteins. Substitution of G lyl2  by any other 
amino acid residue results in the oncogenic activation of these molecules 
(Seeburg et a l, 1984).
A m plification of a proto-oncogene can also con tribu te  to the 
developm ent of a m alignant phenotype. An am plified proto-oncogene 
results in the over-production of norm al gene products which, at higher
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levels, can provide a selective advantage to the cell. Such events m ay be 
involved in the prim ary  developm ent of tum ours or w ith  subsequent 
changes associated w ith tum our progression. Amplification of c-myc was 
first reported  in the HL-60 cell line derived from a patien t w ith  acute 
m yelocytic leukaem ia (AML) (Collins & G roudine, 1982). Significant 
increases (four to seven fold) in c-myc expression was observed in m any 
chem ically and  radiation-transform ed C3H lO T l/2  m ouse em bryo cell 
lines (Shuin et ah, 1986).
A n o th e r m echan ism  of p ro to -oncogene  ac tiv a tio n  is gene 
rearran g em en t. A classic exam ple of gene rea rran g em en t is the 
Philadelphia (Ph) chrom osom e (9;22 translocation) w hich is associated 
w ith chronic myelogenous leukaemia (CML). Following genetic analysis of 
the site of translocation in the Ph chromosome it was found that the proto­
oncogene c-abl, norm ally found on chromosome 9, was translocated to 
chrom osom e 22 and fused w ith the her gene (de The et ah, 1990). This 
change results in the production of an altered mRNA, and  consequently 
an abnorm al protein product, which has transform ing ability. Thus, either 
qualitative (e.g m utation) or quantitative (e.g. overexpression), or both, 
abnorm alities of proto-oncogenes can contribute to the developm ent of 
neoplasia.
A lthough m ost in vitro studies have failed to identify a radiation- 
induced  oncogene, several reports  suggest that activation  of p ro to ­
oncogenes by ionizing radiation may be im portant in tum our induction. 
The activation of cellular ras oncogenes have been detected in rodent 
tum ours induced by ionizing radiation (Guerrero et al., 1984a; 1984b; Sawey 
et al., 1987). It was found that mouse lym phom as induced by y-rad iation  
contained an activated K-ras oncogene. Following m olecular analysis, it 
w as found (Guerrero et ah, 1984a) that the activated K-ras had a point
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m utation in the second base of 12th codon. There are also other reports 
describing the activation of K-ras oncogenes, including strontium  induced 
osteosarcom a in mice (M erregaert et a i, 1986), and p lu tonium  induced 
lung carcinoma in dogs (Frazier et al, 1986). Borek et al. (1987), how ever, 
reported  that m alignant transform ation of ham ster em bryo and  m ouse 
lO T l/2  cells in vitro involved the activation of distinctive transform ing 
genes which do not represent activated forms of the ras gene family, nor 
any  of ad d itio n a l 9 oncogenes analysed . M olecular clon ing  and  
characterization of these transforming genes have not yet been done.
1.2,5. Inactivation of tumour suppressor genes
Tum our suppresso r genes (also called recessive oncogenes or 
antioncogenes) have the opposite effect from oncogenes. W hen they are 
functioning norm ally they can restrict, or inhibit, cell proliferation. The 
loss of normal function of tum our suppressor genes as negative regulators 
of cell proliferation is believed to lead to tum our developm ent. These 
genes are now emerging as major factors in the induction and progression 
of m any hum an cancers. Several tum our suppressor genes have been 
discovered and isolated w ith the prospect of discovering m any others in 
the future. The m ost studied tum our suppressor genes are p53 (Lane & 
Crawford, 1979), retinoblastom a (Rb) (Friend et a l, 1986; Fung et a l, 1987), 
and more recently p i 6 (Marx, 1994).
The p53 gene is the m ost w idely  m u ta ted  gene in  h u m an  
tum origenesis (H ollstein et a l, 1991, Levine et a l, 1991). The p53 gene 
encodes a transcriptional activator (Fields & Jang, 1990; Farmer et a l, 1992; 
Kern et a l, 1992) whose targets m ay include genes that regulate genomic 
stability (Livingstone et a l, 1992, Yin et a l, 1992), cellular response to DNA
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dam age (Kastan et a l, 1992), and cell cycle progression (M ichalovitz et a l, 
1990X
One of the major m olecular effects of radiation is the deletion of 
DNA sequences, which often results in cell death. H ow ever, cells which 
surv ive m ay have deletions in regulatory  genes, such as the tum our 
su p p re sso r  genes. A fter exam ination  of D N A  an d  RNA from  
osteosarcom as and soft-tissue sarcomas, it was suggested that radiation- 
induced osteosarcomas may be the result of inactivation of the Rb gene 
follow ing radiation treatm ent and that deletion of regulatory  sequences 
m ay be part of the general mechanism of radiation-induced carcinogenesis 
(W eichselbaum et a l, 1988).
A dditional support of this concept is the association of specific 
chrom osom e deletions observed w ithin m any hum an tum ours following 
trea tm en t w ith  cytotoxic agents. Patien ts w ho develop  acute non- 
lym phocytic leukaem ia following radiotherapy and chem otherapy exibit 
specific chrom osom al deletions (Rowley et a l, 1981; Le Beau et a l, 1986). 
Various radiation-induced deletions of chrom osom al regions containing 
tum our suppressor genes in hum an bronchial epithelial cell lines w ere 
also reported (Willey et a l,1993).
It is interesting to note that Endo et a l (1993) found an alteration in 
the Rb gene which was associated w ith the im m ortalization of hum an 
fibroblasts (KMS-6) treated  w ith  y-rays (Namba et a l, 1985). Restriction 
fragm ent length polym orphism  analysis (RFLP) and Southern blot analysis 
rev ea led  an  a lte ra tio n  in chrom osom e 13ql2-14 and  s tru c tu ra l 
abnorm alities in the Rb gene itself. Furtherm ore, an abnorm al Rb gene 
p ro te in  (pRb) was expressed in im m ortalized KMST-6 cells, w hereas 
norm al KMS-6 cells expressed the norm al pRb (Endo et a l, 1993). The
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authors suggested that inactivation of this gene may be one of key events 
of the im m ortalization of hum an cells.
1.3. Cancer as a multistep process
It is now  w idely accepted that m alignant transform ation of cells in 
culture, as in vivo, is a m ultistep process involving a series of genetic 
alterations and cell selection (Farber, 1984; Klein & Klein, 1985), This has 
been confirmed in a num ber of ways. Statistical analysis of age-incidence 
curves indicate that at least three successive m utation-like changes are 
required for leukaemias and at least six for carcinomas (Farber & Cameron, 
1980).
Epidemiological studies have suggested that five or six independent 
steps are required for m alignant transformation (Peto, 1977). More recently, 
u s in g  a m odel of colorectal carcinogenesis (Figure 1.3.1.), it w as 
dem onstrated  that at least four genetic changes are requ ired  both  in 
cellular proto-oncogenes and tum our suppressor genes for the aquisition 
of the m alignant phenotype (Fearon & Vogelstein, 1990).
For some types of m alignant neoplasia, such as colonic carcinoma, 
w ell-defined stages of carcinogenesis have been identified histologically 
and tissue have been isolated for genetic analysis (Vogelstein et al., 1988). 
This has a llow ed  com parision  of cells from  n o rm a l, po ly p  or 
carcinomatous tissue by cytogenetic and molecular methods.
N am ba et al. (1988) proposed a m ulti-step m odel for neoplastic 
transform ation of hum an fibroblasts (Figure 1.3.2.). It was suggested that y- 
rays w orked as an initiator, and the H-ras oncogene played a role in the 
progression.
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Figure 1.3.1. A molecular model for multi-stage tumorigenesis in the colon (redrawn 
from Fearon & Vogelstein, 1990).
Traditionally, different terms are used for the stages involved in 
carcinogenesis: initiation, promotion, and progression (Farber, 1984).
1.3.1. Initiation.
Initiation is usually a rapid and irreversible process. Strong evidence 
exists tha t changes in DNA are responsible for in itia tion . This w as 
form ulated early in terms of the induction of an altered base, m iscoding 
lesion, and  a m utation  in the classical sense. M oreover, subsequen t 
research in "gene dynamics" has indicated that the possibilities for other 
form s of initiation such as rearrangem ent of genes, the activation and 
m odulation  of gene expression, and gene am plification exist. Thus, an 
initiating agent is defined as a chemical, physical, or biological agent
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Figure 1.3.2. Multi-step process of neoplastic transformation of human fibroblasts 
(redrawn from Namba et ah, 1988).
capable of directly and irreversibly altering the native molecular structure 
of the genetic component (DNA) of the cell (Pitot, 1981).
1.3.2. Promotion
Prom otion is defined as the process w hereby in itia ted  cells are 
expanded form ing nodules, papillom as, or polyps, w hich can act as an 
origin for the ultim ate developm ent of cancer (Farber, 1984). In contrast to 
in itia tion , prom otion takes place over a long period  of tim e and  is 
reversible up to the m om ent of developm ent of the first autonom ous 
tum our cell.
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A lthough  the m echanism  of tum our p ro m o tio n  is no t w ell 
understood , there is evidence that the prim ary target of the tum our 
prom oters is the cell m em brane. Recent studies suggest a m odel for 
prom otion in which the prom oting agent produces a differential effect on 
the in itia ted  cells com pared  to the unaltered  cell, causing  a focal 
proliferation of initiated cells (Archer, 1992).
A prom oting  agent is one that alters the expression of genetic 
inform ation of the cell (Pitot, 1981). The diterpene phorbol ester, and 12-0- 
tetra-decanoylphorbol-13-acetate (TPA), the active com ponent of croton oil, 
are examples of potent prom oting agents. They do not directly interact 
w ith the genetic material, and are not in themselves carcinogens. Ionizing 
rad iation  has the properties of initiating agents, since it alters the basic 
s tru c tu re  of DNA. H ow ever, it also possess p rom oting  activ ity  and  
therefore may be considered as complete carcinogen (Pitot, 1981).
1.3.3. Tum our progression
Progression is defined as the stepwise process whereby the occasional 
expanded initiated cell, the nodule, the polyp, or the papillom a, evolves 
into a cancer (Farber, 1984). Tum our progression is the least understood 
process in carcinogenesis. It is not known how m uch genetic dam age is 
responsib le  for tum our p rogression  how ever, there are h in ts  tha t 
oncogenes m ay be involved. Insertional m utagenesis by retrov iruses 
(Varm us, 1982: N usse, 1986), and po in t m utations induced  in p ro to ­
oncogenes by chemical carcinogenesis (Balmain & Pragnell, 1983; Barbacid, 
1986; Brown et a l, 1986) m ay on occasions exem plify in itial steps in 
tum origenesis. There is evidence that m utation of one of the ras p roto­
oncogene family members may account for the appearance of a new  and
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m ore aggressive v arian t of the tum our cell popu la tion  (V ousden & 
M arshall, 1984).
1.3.4. In vitro  neoplastic transformation is a multistep process
The neoplastic  transform ation  of hum an cells in vitro is also a 
m u ltis tag e  phenom enon  by w hich  norm al h u m an  cells aq u ire  a 
transform ed phenotype (Rhim, 1989; Rhim, 1992). The follow ing three 
factors appear to be necessary for the m alignant transform ation of norm al 
cells in culture or in vivo: (a) DNA dam age, (b) deficient DNA repair 
during  G2 phase of the cell cycle, and (c) continued proliferative stim ulus 
from  activation of protooncogenes or loss of tum our suppressor genes 
(Sanford & Parshad, 1991). None of these factors alone is able to induce 
neoplastic transform ation.
Four m ajor changes have been proposed  (Rhim, 1993b) to be 
involved in neoplastic transform ation in vitro:
(a) developm ent of m orphological transform ation
(b) grow th in semisolid m edium
(c) infinite life span
(d) tum origenicity
From  the studies on neoplastic transform ation of cells in culture 
described above it appears that at least two, possibly more, distinct steps are 
required for full transform ation of normal hum an epithelial cells in vitro.
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1.4. Cellular senescence and in vitro transformation of human 
cells
Until recently, one of the biggest obstacles in studying  neoplastic 
transform ation of hum an cells in vitro has been the inability to m aintain 
these cells in culture. W hen normal hum an cells are kept in culture, after 
a fixed num ber of cell doublings, they reach a stage of no proliferation in 
w hich the cells become quiescent. This phenom enon is know n as cellular 
"senescence" (Hayflick & M oorhead, 1961) and is observed w ith all types of 
hum an cells.
Since the phenom enon of cellular senescence is a dom inant trait of 
all cultured hum an cells, it is assum ed that all cell lines established in cell 
transfo rm ation  experim ents in vitro arise as a direct consequence of a 
deliberate carcinogenic insu lt to norm al hum an cells (Chang, 1986). In 
su p p o rt of this assum ption was the fact that norm al hum an cells in 
culture, unlike rodent cells, do not or very rarely undergo spontaneous 
transform ation .
The resistance of norm al hum an  cell cu ltures to spon taneous 
tra n sfo rm a tio n  in vitro is in direct contrast to ro d en t cells, w here 
spontaneous transform ation occurs frequently and is accom panied by a 
change in chrom osom al p lo idy , expression of o ther transfo rm ation  
m arkers, and tumorigenicity (DiPaolo, 1983).
1.5. Criteria for neoplastic transformation in vitro
The difficulties in defining neoplastic transform ation of hum an cells 
is im peded by the lack of unanim ous agreement on an end point w hen the 
cu ltu red  cells become m alignant. In previous reports on hum an  cell
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transform ation  studies, several different criteria w ere used  to define 
transform ation. One of the major problems of these in vitro studies is that 
it is im possible to utilize the usual criteria of carcinogenesis used in vivo 
to identify neoplastic cells. Some of the num erous characteristics that are 
regarded to be indicative of cell transform ation in vitro are the following:
morphological changes 
anchorage-independent growth 
extended life span 
im m ortality
reduced serum  requirem ent
enhanced growth rate
increased saturation density
loss of contact inhibition of cell replication
chrom osom al aberration
im pairm ent or loss of terminal differentiation
tum origenicity in susceptible hosts
W hile these m arkers have been originally used  in defin ing the 
transform ed phenotype of rodent fibroblasts, it is now  evident that m any 
are n o t applicable for the iden tification  of a tran sfo rm ed  hu m an  
phenotype. As an example, anchorage independent grow th (AIG) in rodent 
cells is acquired as a late m arker and is in turn  usually  correlated w ith 
tum origenicity (Shin et a l, 1975). In hum an cells, in contrast, this m arker 
is expressed early or late and may not be correlated w ith  tum origenicity 
(DiPaolo, 1983; Chang, 1986). Indeed there are some hum an tum our cell 
lines which are not AIG but, which are clearly tum origenic in nude mice 
(M arshall et a l, 1977). In this context, AIG by some transform ed hum an 
cells m ay reflect not so m uch transform ation per se but a grow th factor
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requirem ent, a notion that is supported by the observation that norm al 
hum an fibroblasts can be induced to AIG by high serum  or hydrocortisone 
(Peehl & Stanbridge, 1981).
In those cells w hich exhibited one or more of these changes bu t 
w h ich  w ere no t tum origen ic , have been defined  as p a rtia lly  or 
incom pletely transform ed (Rhim, 1993). A dditional steps are therefore 
necassary  for com plete transform ation. N eoplastic transform ation  of 
hum an cells in vitro is defined here as complete transform ation, ie the 
transform ed cells produce tum ours in a thym ic nude mice. This is in 
accordance w ith the term inology recom m ended by the Tissue C ulture 
Association, that is to say, the term in vitro neoplastic transform ation is 
"the acquisition, by cultured cells, of the p roperty  to form  neoplasm s, 
benign or m alignant, w hen inoculated into animals" (Schaefer, 1983).
1.6. Assays used for in vitro transformation studies
For m any years, there have been num erous efforts to develop 
suitable in vitro m odels for studying the m echanisms of carcinogenesis. 
Such efforts resulted  in succesful developm ent of roden t transform ation 
system s, and  relatively little success w ith hum an cells. Initially , the 
developm ent of rodent cell systems for studying in vitro the conversion 
of norm al cells to the cells possessing the neoplastic phenotype has 
allow ed a closer exam ination of the phenom ena associated w ith  the 
neoplastic transform ation of rodent cells.
The m ost commonly used systems at that time were the established 
lines of mouse embryo fibroblasts, C3H lO T l/2  cell line (Reznikoff et a l, 
1973) and  BALB/3T3 cell line (Kakunaga, 1973), w hich are sensitive to 
postconfluence inhibition of cell division (see section 1.7.).
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The developm ent of these in vitro transform ation system s has m ade 
it possible to assess the carcinogenic potential of a variety  of physical 
(mainly ionizing radiation), chemical and viral agents. These cell culture 
system s, free of h ost-m ed ia ted  hom eostatic  in fluences, afford  the 
opportunity  to study, under defined conditions, the cellular and molecular 
m echanism s involved in radiation-induced transform ation.
Advances in the techiques of DNA-m ediated gene transfer have led 
to the developm ent of DNA transfection m ethods which have been used 
for identification (Shih et al., 1979; Shih et a l, 1981, H opkins et a l, 1981; 
K rontiris & Cooper, 1981) and m olecular cloning (Pulciani et a l, 1982; 
Goldfarb et a l, 1982) of dom inant transform ing genes from  neoplastically 
transform ed hum an cells. This m ethod is based on the fact tha t the 
m alignant phenotype can be transferred to a mouse fibroblast cell line NIK 
3T3 by incorporation of DNA isolated from transform ed cells (Shih et a l, 
1979; Cooper et a l, 1980; Perucho et a l, 1981).
DNA derived from hum an cells was transfected using the calcium 
phosphate transfection procedure (Graham & van der Eb, 1973; Shih et a l, 
1979) into the mouse fibroblast cell line NIH 3T3, and foci of transform ants 
were scored 14-20 days later (Figure 1.6.1.). Using hum an, rabbit and  ra t 
tu m o u r DNAs in this assay, it w as d em o n stra ted  th a t tu m o u r 
transform ing genes are able to act across species barriers, and also tissue 
barriers. For example, dom inant transform ing genes of epithelial cells can 
transform  the recipient fibroblasts (Shih et a l, 1981).
Blair et a l (1982) described a useful system in w hich the nude mice 
assay was used together w ith the conventional focus assay, p rov id ing  
additional sensitivity. The assay detects dom inant transform ing genes in 
the DNA of transform ed hum an cells. DNA prepared  from  hum an cells 
are transfected into the mouse cell line NIH 3T3, and upon appearence of
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Figure 1.6.1. Standard assay for detecting oncogenes (redrawn from Watson et al., 1992).
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transform ed foci, cells from these foci were injected into athym ic nude 
mice for tum origenicity testing.
To prove that the acquired hum an sequences were responsible for 
the tum our induction, DNA can be isolated directly from the tum our and 
screened for the presence and expression of transfected sequences. This 
m odel avoids the difficulties associated w ith m onitoring and m aintaining 
tissue cu ltu re  for m any w eeks and  elim inates the tim e-consum ing 
microscopic screening of large numbers of tissue culture dishes. However, 
there is a background of spontaneous foci always present in this assay, and 
potentially obscures detection of transforming genes.
A modification of this m ethod has been described by Fasano et al. 
(1984), which also relies on the ability of transformed N IH 3T3 cells to form 
tum ours in nude m ice, bu t in add ition  incorporates technique of 
cotransfection to heighten sensitivity. The biochemical m arker G418 was 
utilized in cotransfection with hum an DNA, allowing only G418-resistant 
colonies to grow. Selection for the G418 m arker preselected for cells 
com petent in the incorporation of DNA (Wigler et ah, 1979) and removes 
from  the population  spontaneously transform ed N IH  3T3 cells w hich 
have not incorporated DNA.
A nother assay using transfection of DNA from transform ed hum an 
cells into m ouse N IH 3T3 cells by radiation fusion has been described 
(Freyer et ah, 1993). R adiation fusion was carried  out by irrad ia ting  
transform ed hum an cells w ith 1000 Gy of y-rays and fusing them to N IH 
3T3 cells w ith polyethylene glycol (PEG). Plates containing transform ed 
hu m an /N IH  3T3 fusion cells yielded transformed foci.
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1.7. Neoplastic transformation of rodent cells in vitro
M ost published w ork concerning in vitro neoplastic transform ation 
has been perform ed on rodent cells. Initially, prim ary ham ster embryo cell 
cultures w ere used in studies of X-ray transform ation in vitro (Borek & 
Sachs, 1966; Borek & Hall, 1973). The protocol for the assay of neoplastic 
transform tion in ham ster embryo cells is schematically presented in Figure
1.7.1, Briefly, ham ster em bryos are rem oved, m inced, enzym atically  
dissociated, and seeded as single cells into culture dishes. They are then 
treated  w ith radiation and allow ed to grow for 8 to 10 days, and the 
re su ltan t colonies are fixed and stained. T ransform ed colonies are 
identifiable by piled up cells and the crisscross pattern at the colony edge.
Subsequently, interest has centered on the use of established mouse 
em bryo fibroblast cell lines w hich are sensitive to the postconfluence 
inhibition of cell division (Terzaghi & Little, 1976a; Terzaghi & Little, 
1976b; Little, 1977; Miller & Hall, 1978). The two cell lines on which m ost 
w ork has been focused are the m ouse fibroblast system s: C3H lO T ^/i 
(Reznikoff et ah, 1973a; 1973b) and the 3T3 system (Todaro & Green, 1963; 
Kakunaga, 1973).
These two cell lines have several advantages over p rim ary  cell 
cultures. As they are established lines, they have an infinite life span and 
can be grown in large quantities. Since the cells can be cloned, the same 
cloned cell population m ay be used by m any research groups. This has 
significant im portance for reproducib ility  of resu lts am ong d ifferen t 
laboratories (Terzaghi & Little, 1976; Miller & Hall, 1978; H an & Elkind,
1979).
Of the two cell lines, the C3H lO Tl/2 cell line is m ost frequently used, 
this is because it exibits a lower spontaneous transform ation incidence.
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Figure 1.7.1. Protocol for the assay of neoplastic transformation in hamster embryo cells by 
radiation (redrawn from Hall & Miller, 1981).
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The w ay in which the radiation-induced transform ation experim ents were 
carried out w ith C3H lO Tl/2  cells is schematically presented in Figure 1.7.2. 
Cells are seeded into culture dishes and allowed to attach overnight at 
37^C, then are exposed to irradiation, and incubated for 6 weeks, w ith a 
weekly change of medium. At the end of this period the cultures are fixed, 
stained and scored for transform ed foci type II and III using the criteria 
described by Reznikoff et a l (1973a). These criteria include piling up, and 
criss-crossing of cells into opaque multilayers.
M urine fibroblast systems have been extensively used for studies of 
rad ia tio n -in d u ced  neoplastic  transfo rm ation  in vitro. These include 
studies on dose-rate effects (Han et a l, 1980a; 1980b; Hill et a l, 1982), LET 
dependence (Hei et a l, 1988), cell cycle dependence (Cao et a l, 1992; Miller 
et a l, 1992), and the effect of fractionated doses (Miller & Hall, 1978; Hill et 
a l,  1985; Miller et a l, 1988; Bettega et a l, 1992). In addition to radiation 
studies, these system s were intensively used for s tudy ing  effects of 
chem ical carcinogens (Reznikoff et a l, 1973a; K akunaga, 1973), and  
restriction enzymes (Bryant & Riches, 1989)
These studies have dem onstrated that the efficiency of radiation- 
induced transform ation depends on the total doses, dose rate, radiation 
regime, and quality of the radiation.
S tudies w ith  low-LET rad ia tion  show ed th a t the nu m b er of 
transform ants per irradiated  cells increases w ith dose initially, over the 
range where little cell killing occurs (i.e., the shoulder of the cell-survival 
curve). At higher doses, as cell killing increases, the observed num ber of 
transform ed foci decreases (Little, 1977). Studies w ith charged particles (Hei 
et a l, 1988), neutrons (Hill et a l, 1982; Hill et a l, 1985; Miller et a l, 1988), 
and a-particles (Hieber et al, 1987; Bettega et al, 1992) dem onstrated that
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high LET radiation is far more cytotoxic and oncogenic than low  LET 
radiation.
Data obtained w ith y-rays indicated that reduction of the dose 
rate resulted in a m arked reduction in transform ation frequency (H an et 
al., 1980a; 1980b). In contrast. Hill et al. (1982) dem onstrated that reduction 
of the dose rate of neutrons resulted  in an increase in transform ation 
frequency (so-called "inverse dose-rate effect" for neutrons). Enhancem ent 
of transform ation frequency was obtained by fractionated doses of X-rays 
(Miller & Hall, 1978), neutrons (Hill et al., 1985; Miller et al., 1988), and of 
a-particles (Bettega et al., 1992).
Radiation-induced neoplastic transformation has also been show n to 
be cell-cycle dependent. Studies w ith mouse C3H lO T l/2  cells (Cao et a l, 
1992; Miller et a l, 1992) dem onstrated that cells at late Gz- and M -phase of 
cell cycle had a maximal sensitivity to neoplastic transform ation by y- 
radiation.
The data obtained w ith ham ster embryo cells dem onstrate that the 
dose-response curves for the induction of transform ation by ionizing 
radiation has a characteristic shape (Borek & Hall, 1973). It consists of three 
portions; an ascending limb, a plateau and a descending lim b (Figure
1.7.3.). The transform ation frequency increases as the dose is increased up 
to a plateau, which corresponds to the doses of between 1.5 Gy and 3 Gy. A 
fu rth e r increase in the dose results in a m arked  decrease in the 
transform ation incidence. Similar dose-response relationships have been 
obtained  using hum an and anim al in vivo data. Studies of the dose- 
response relationship in radiation-induced cancers in vivo indicated the 
tendency for the dose-response curve to reach a sa tu ra tion  po in t and 
decline at high levels (Mole 1958; Bond et a l, 1960; U pton, 1961; Gray,
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1965). This phenom enon is particularly conspicuous in the induction of 
thyroid thum ours by 13^ 1 in rat (Lindsay et al, 1957; Potter et a l, 1960).
1.00
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1000
Dose (rad)
Figure 1.7.3. Incidence of hamster embryo cell transformation following exposure in vitro to 
X-irradiation (redrawn from Borek and Hall, 1973).
Dose-response data obtained in in vitro and in vivo studies suggest 
that those irradiated cells that are destined to become transform ed cells are 
m ore susceptible to killing by the accumulation of additional dam age at 
higher doses. In other w ords, m any of the potentially transform ed cells 
never have the chance to form colonies or tum ours because they die of 
reproductive death due to the extra damage produced by the additional 
dam age received at higher doses (Gray, 1965; Borek & Hall, 1973).
Sim ilarly, the transform ation frequency of m ouse em bryo C3H 
lO T l/2  cells following X-irradiation, based on the num ber of transform ants 
per surviving cell, was found to increase exponentially up  to a certain
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dose, after which any further increase in the dose resulted in little change 
to the transform ation frequency (Terzaghi & Little, 1976).
It is interesting that splitting the dose into two fractions enhances the
transfo rm ation  frequencies at low  doses. In con trast at h igh  doses 
fractionation results in less effect than the same total dose in a single 
exposure (Miller & Hall, 1978). Borek & Hall (1974) also found that split 
doses of X-rays induced higher transformation frequences in fresh explants 
of ham ster em bryos. Since radiation transform ation involves sublethal 
events, it is not surprising that splitting the dose leads to less killing bu t
enhanced transform ation incidence (Borek & Hall, 1974).
1.8. Neoplastic transformation of human cells in vitro
The stud ies u tiliz ing  m urine fibroblast system s have largely  
con tribu ted  to the p resent know ledge of neoplastic transform ation  in 
vitro. It m ust be adm itted, however, that these systems suffer from  the 
shortcom ings of being rodent and fibroblastic in origin, raising doubts 
about their relevance to hum an epithelial carcinogenesis (Barrett, 1991). 
Extrapolation of data from  experim ental carcinogenesis to the hum an 
situation w ould be more logical if hum an cells rather than animal cells are 
u tilized  (DiPaolo, 1983). Therefore, the use of hum an cells in studying  
neoplastic transform ation is essential for understanding  the cellular and 
m olecular m echanisms underlying hum an carcinogenesis.
U nlike ro d en t cells, hu m an  cells do no t or ra re ly  u n d erg o  
spontaneous transform ation, and have generally proven resistan t to in  
vitro  neoplastic transform ation by carcinogenic agents (Di Paolo, 1983; 
Chang, 1986; Rhim, 1989). The basis for differences in transform ation 
sensitivity is not yet understood. Several explanations, how ever, m ay be
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Speculated such as difference in relative genetic stability and natural life 
span.
Transform ation studies of hum an cells have p redom inantly  been 
undertaken w ith fibroblasts, which are relatively easy to culture. The m ost 
im portant approaches for the study of the transform ation of hum an cells 
in vitro include exposure of the cells to physical agents (e.g., y-, X-, and 
ultraviolet irradiation), chemical carcinogens and viruses.
1.8.1. Effect of chemicals on human cells
Despite m any attem pts, neoplastic transform ation of hum an cells in 
culture by chemical means has not been readily achieved. The first report 
of neoplastic  transform ation  of norm al hum an cells by a chem ical 
carcinogen was published in 1978 (Kakunaga, 1978). H um an diploid skin 
fibroblasts (KD) were exposed to 4-nitroquinoline-1 -oxide and N-m ethyl- 
N '-n itro -N -n itro soguan id ine  (MNNG) and altera tion  of cell g row th  
patterns, unlim ited life span and tum origenicity in athym ic nude mice 
w ere observed. H ow ever, it was subsequently  found tha t the norm al 
fibroblastic cell line (KD) and transform ed HuT cell lines were derived 
from  d ifferen t in d iv id u a ls  (M cCormick et al., 1988). It w as fu rther 
dem onstrated  that the HuT series of "carcinogen-transform ed" hum an 
fibroblast cell lines were derived from the hum an fibrosarcoma cells 8387 
(M cCorm ick et al., 1988). In 1983, neoplastic transform ation of hum an 
d ip lo id  fibroblasts in vitro by N -acetoxy-2-acety lam inofluorene w as 
reported (Zimmerman & Little, 1983b).
There have also been a few reports describing transform ation  of 
hum an epithelial cells by chemicals. Chemical transform ation of hum an
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pancreas cell expiants (Parsa et al., 1981a; 1981b; Parsa et al., 1984), and 
hum an foreskin epithelial cells (Milo et al., 1981) are reported.
M ore recen tly , neo p las tic  conversion  of h u m an  ep id e rm a l 
kératinocytes im m ortalized by a hybrid of adenovirus 12 and sim ian virus 
40 (Ad 12-SV40) (Rhim et a l, 1986) and hum an urothelial cells (Reznikoff 
et a l, 1988) by chemical agents have been reported.
1.8.2. Effect of biological agents on hum an cells
The m ost successful approach to in vitro neoplastic transform ation 
of hum an cells has been by treatm ent of cells by viral agents, either as 
infectious particles or viral DNA. The list of successful reports on the 
neoplastic transform ation of normal hum an cells by biological agents has 
been growing. W ith few exceptions, neoplastic transform ation has been 
achieved by transfection of two agents; one for im m ortalization  and  
another for conversion of im m ortalized cells. Am ong the m ost frequently 
used  agents for im m ortalization of hum an cells are viral agents such as 
the Simian virus 40 (SV40) (for a review  see Chang, 1986), and H um an 
Papillom a virus (HPV). In a few cases a hybrid containing the adenovirus 
12 and sim ian virus 40 transform ing genes (Ad 12-SV40) (Schell et a l,
1966) has been used (Rhim et al, 1981; 1985; 1986).
I.8.2.I. SV40 immortalization of human cells in vitro
The m ost w idely used agent for im m ortalizing hum an cells is SV40, 
first isolated in 1960 (Sweet & Hillman, 1960). SV40 is a m em ber of the 
papova family which are small, nonenveloped DNA tum our viruses. The 
virus contain a covalently closed circular duplex DNA molecule of 5243
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base pairs (bp) which can be functionally divided into early and late regions 
transcribed in opposite directions (Figure 1.8.2.1.). In "permissive" cells, the 
early region is transcribed th roughout the lytic cycle, and  differential 
splicing produces two mRNAs that encode the large T and small t proteins. 
The late region encodes the viral capsid proteins (VPl-3) and is transcribed 
only after the onset of viral DNA replication. D uring the late phase coat 
proteins are m ade and progeny virions are assembled. Release of m ature 
virus particles results in lysis and cell death.
M onkey cells are "permissive" for SV40 infection, i.e. they support 
full expression of the viral genome resulting in the release of m ature viral 
particles. M ouse cells, how ever, are "non-permissive" and  hum an cells 
"sem i-perm issive" for SV40, w hich are both unable to su p p o rt viral 
replication w ith  any efficiency. SV40-infected m urine cells produce no 
progeny virus, bu t express some of the viral genes and  generate new  
properties in the cells hence they become "transformed". SV40 infection of 
h u m an  cells how ever, can lead  to either the d ev e lo p m en t of a 
"transform ed" phenotype or of lytic infection w ith the release of v irus 
particles.
The transform ation of m am m alian cells by SV40 is know n to require 
the expression of only the early region of the viral genome, which encodes 
two proteins, large T-antigen (94 kDa) and the small t-antigen (17 kDa). 
While the large T-antigen is necessary for initiation of transform ation and 
m aintenence of the transform ed phenotype, small t-antigen, although not 
essential for transform ation, may have a qualitative effect on this event.
Various types of hum an cells have been "transformed" by SV40 or 
large T-antigen (for a review see Chang, 1986; M anfredi & Prives, 1994). 
Two basic approaches have been used in transform ing hum an cells in 
culture by SV40: viral infection and SV40 DNA transfection. H um an cells
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Figure I.8.2.I. SV40 gene expression. Two primary transcripts are expressed from opposite 
strands that are further processed to produce early and late viral mRNA. These 
transcripts initiate from the early (PE) and late (PL) SV40 promoters (redrawn from 
Benchimol, 1992).
infected with SV40 form foci of altered cells after 2-7 weeks post-infection. 
SV40 infection of the cells can be easily d em onstra ted  by ind irec t 
im m unofluorescence staining of nuclear large T-antigen. T ransform ed
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cells have an extended life span. However, the cells eventually reach a 
stage where there is little or no net proliferation and cells continue to cycle, 
but, die at such a high rate that m ost of them are lost. This is know n as the 
phenom enon of "crisis" (Girardi et a l, 1965) resulting in the escape of 
variant SV40-transformed hum an cells with infinite life span.
A nother technique often used to transform  hum an cells by SV40 is 
calcium -phosphate-m ediated transfection.(Graham  & van der Eb; 1973). 
This technique is particularly useful w hen hum an cells are transform ed 
w ith  SV40 m utants, e.g., SV ori", which lacks a functional viral origin of 
replication through a deletion of six nucleotides at the Bgl I site (Gluzman 
et a l, 1980). It was found that SV ori" has an enhanced  frequency of 
transform ation of hum an cells in com parison to the norm al SV40 (Small 
et a l, 1982). This can be explained by the fact that the transfected DNA was 
unable to replicate and consequently unable to cause cell death through the 
lytic cycle.
The m echanism  of SV40 transform ation is not yet fully understood. 
It has been dem onstrated that the SV40 proteins bind to the p53 gene and 
retinoblastom a gene products (Rb), both negative regulators of cell grow th 
(Lane & Crawford, 1979; Linzer & Levine, 1979; DeCaprio et a l, 1988). Both 
gene products act as checkpoint "monitors", which stop the progression of 
cells through the cell cycle if the conditions are not satisfactory (Hartwell & 
W einert, 1989; M urray, 1992, Hartwell, 1992; Levine et a l, 1994). By binding 
to the p53 and Rb gene products, viral proteins neutralize and inactivate 
them  thereby inactivating the checkpoint controls. It w as found that p53 
pro tein  w hen bound to T-antigen can no longer bind to the responsive 
DNA element and fail to act as a transcription factor (Mietz et a l, 1992)
Until recently little was know n about the site of SV40 integration in 
the hum an genome. Evidence from early studies of hybrids betw een SV40-
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transform ed hum an cells and mouse cells, suggested that the integration 
of active SV40 in hum an cells was site-specific on chromosome 7 (Croce et 
al., 1973) H ow ever, subsequen t w ork has d em o n stra ted  th a t SV40 
integrates nonspecifically at other sites, including at least two different 
locations on chrom osom e 7 (Cam po et al., 1979), chrom osom e 8 
(Kucherlapati et al., 1978), and chromosome 17 (Croce, 1977). Experiments 
w ith SV40-immortalized hum an fibroblasts also suggested that no specific 
integration sites in the cellular genome exist, which is a prerequisite for 
the im m ortalization process (Hara & Kaji, 1987).
1,8,2,2. Neoplastic conversion of human cells by biological agents
H u m an  cells im m o rta lized  by SV40 or o th er agen ts w ere  
neoplastically transform ed by various viral or cellular oncogenes (Table
I.8.2.I.).
H ow ever, it is in teresting to note that oncogenes alone d id  not 
convert norm al hum an  cells into either im m ortal or neoplastica lly  
transform ed cells (Rhim et a l, 1985; O'Brien et a l, 1986; DiPaolo et a l, 
1989) Thus, the im m ortalization  of hum an cells ap p ears  to be an 
indispensable step for the neoplastic transformation,
1.8.3. Effect of ionizing radiation on human cells
Despite the fact that the carcinogenic action of ionizing radiation in 
hum ans has been well docum ented from epidem iological studies (BEIR, 
1972; Rossi & Kellerer, 1974; UNSCEAR, 1977), im m ortalization  and  
neoplastic transform ation of hum an cells in culture by the treatm ent w ith 
ionizing radiation has proven extremely difficult to achieve.
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Table 1.6.1. The in vitro neoplastic transformation of human epithelial cells by biological 
agents.
Cells
Im m o rta liz a tio n
a g e n t
T ra n s fo rm in g
a g e n t R e fe ren ce
Bronchial Adl2-SV40 v-H-ras A m stad et al., 1988
Bronchial Adl2-SV40 Ki-MSV Reddel et a l, 1988
Bronchial - v-H-ras Yoakum et a l, 1985
Cervical HPV-16 v-H-ras DiPaolo et a l, 1989
Kératinocytes Adl2-SV40 Ki-MSV Rhim et a l, 1985
Adl2-SV40 c-H-ras Rhim, 1989
Adl2-SV40 retrov irus Rhim et a l, 1988
Adl2-SV40 v-/os Lee et a l, 1993
pSV3 neo Ki-MSV G antt et a l, 1987
HPV Ki-MSV D urst et a l, 1989
spontaneous c-H-ras Boukamp et a l, 1990
Kidney Nickel v-H-ras H augen et a l, 1990
M am m ary Benzo(fl)pyrene retrov irus Clark et a l, 1988
- SV40 Tag Berthon et a l, 1992
U rinary tract SV40 c-H-ras Christian et a l, 1988
O nly one case of im m ortalization of norm al hum an  cells by a 
physical agents has been reported (Namba et al.,1985). N orm al fibroblasts 
(KMS-6) derived from a hum an embryo were im m ortalized producing the 
KMST-6 line by repeated treatm ent w ith 60co y-rays. H ow ever, despite a 
large  num ber of experim ents only one im m ortalized  cell line w as 
estab lished . Little et al. (1991) repo rted , how ever, fa ilu re  to induce 
im m ortalization  of hum an  d ip lo id  fibroblasts by single or m ultip le  
exposures to X -irradiation in a total of 46 separate experim ents. This
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finding suggests that im m ortalization is a rare and rate lim iting event in 
neoplastic transform ation of hum an diploid cells.
M ost studies involving the neoplastic transform ation of hum an cells 
have been carried out w ith fibroblasts, which are relatively easy to culture. 
Borek (1980) w as the firs t to docum ent the in vitro  neop lastic  
transfo rm ation  of hum an  cells by ionizing rad ia tion . H um an  sk in  
fibroblasts (KD) were exposed to X-rays (4 Gy) and grow th in soft agar, and 
tum origenicity in nude mice were observed. H ow ever, cells derived from 
the tum ours developed in nude mice following this treatm ent have not 
been characterised.
There is only one report of neoplastic transform ation  follow ing 
extensive passaging (at 547th passage and 2,800 days after in itiation of 
culture) of hum an fibroblasts that were previously im m ortalized  w ith  
rep ea ted  ^^Co y-rays (M ihara et a i,  1992). Therefore, there are no 
reproducible hum an cell systems for radiation-induced in vitro neoplastic 
transform ation (DiPaolo, 1983; Chang, 1986; M cCormick & M aher, 1988; 
Rhim, 1992).
1.8.4. Neoplastic transformation of human epithelial cells by ionizing  
radiation
Since epithelial cells are the cells of origin of m ost hum an cancer, an 
epithelial cell culture system w ould be of significant im portance for the 
study  of the cellular changes and the molecular m echanisms which occur 
d u rin g  m alignan t transform ation . U ntil recently , the d ifficu lties in 
culturing  hum an epithelial cells m ade it difficult to induce and detect 
neoplastic transform ation of hum an cells in vitro. In the last decade, as a 
result of im proved m ethods for culturing hum an epithelial cells, and  the
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application  of new  tools from  m olecular biology, the field  of hum an  
epithelial cell transform ation has seen many successes.
A neoplastic transform ation of hum an cells has been achieved in a 
stepw ise fashion in a sim ilar w ay to those described previously  w ith  
oncogenes and  v iruses (section 1.6.2.). N orm al h u m an  cells w ere 
im m ortalized, mostly by a DNA virus or a construct of viral genome, and 
then converted to tumorigenic cells by subsequent treatm ent w ith ionizing 
rad ia tion . Thraves et ah (1990) show ed that non tum origen ic  h u m an  
epiderm al kératinocytes (RHEK-1), previously im m ortalized by a hybrid 
A d l2 “SV40, can be m alignantly transformed by fractionated exposure to X- 
ray irradiation. The transform ed cells form ed colonies in  soft agar and 
show ed m orphological alterations. These altered cells induced tum ours 
w hen transplanted into nude mice.
U sing energetic heavy ion beam s, Yang et a l (1991) succeeded in 
transform ing hum an  m am m ary epithelial cells and  hum an  epiderm al 
kératinocytes to various stages of transform ation. H um an  m am m ary 
epithelial cells (H185B5) and hum an epiderm al kératinocytes (RHEK) 
previously im m ortalized w ith benzo(a)pyrene (Stampfer, 1985) and pSV3- 
neo (G antt, 1987), respectively , have an infin ite life span  and  are 
nontum origenic  in nude mice. After repetitive exposure to high-LET 
heavy particles (2.2 Gy of iron particles) hum an m am m ary cells form ed 
anchorage independent colonies. However, in spite of considerable efforts, 
it was not possible to achieve this w ith only a single irradiation.
Follow ing irrad ia tio n  hum an  ep iderm al kéra tinocy tes show ed 
m orphological alterations which include focus form ation w ith piling up of 
cells in dishes. These altered cells are also able to grow in soft agar but, do 
not form tum ours w hen injected into athymic nude mice. H ow ever, w hen
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given a fu rther exposure to radiation, they became tum origenic w hen 
injected into nude mice (Yang et a l, 1991).
Yang et a l  (1994) have also reported the developm em ent of an in  
vitro hum an  epithelial cell system  for neoplastic transfo rm ation  of 
hum an epithelial cells by ionizing radiation (Figure 1.8.4.1.). Im m ortal 
nontum origenic hum an m am m ary epithelial cells (184B5) w ere irrad iated  
w ith  heavy ion beam, and focus assay was used to detect m orphological 
transform ation of grow th variants. These transform ed cells, how ever, did 
not produce tum ours in athymic nude mice, and therefore can be regarded 
as partially transformed.
Hei et a l (1994) recently dem onstrated  that im m ortalized  hum an 
cells in culture can be m alignantly transform ed by a single dose of a -  
particles. N eoplastic  transform ation  of papillom a v irus-im m orta lized  
hum an bronchial epithelial cells (BEP2D) was achieved by a single 30 cGy 
dose of a-particles, and subsequent subculture for a period of 3 m onths. 
T ransfo rm ed  cells p ro d u ced  p rogressively  g row ing  tu m o u rs  u p o n  
transplantation into nude mice.
A further report of radiation-induced neoplastic transform ation of 
hum an epithelial cells was published by Martin et a l (1993). W orking w ith 
im m ortalized hum an uroepithelial cells (HUG) and im m ortalized hum an 
epiderm al kératinocytes (RHEK), neoplastic transform ation w as achieved 
by a low single dose of ^He a-particles. Following irradiation, cells were 
passaged  for six weeks and injected into athym ic nude mice. Tum ours 
w ere obtained and tum our cell lines established.
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Figure I.8.4.I. Transformation of human mammary epithelial cells 18B5 F5-1 (clone M/10) 
by 600 MeV iron particles. The transformed foci were found in irradiated cells and 
persisted for several passages in culture (redrawn from Yang and Craise, 1994).
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1.9. Radiation-induced thyroid cancer
Studies in m an and anim als have dem onstrated  that the thyroid  
g land  is highly  susceptible to the induction of neoplastic lesions by 
ionizing radiation (UNSCEAR, 1964). A study of children treated w ith  X- 
rays for alleged thym ic enlargem ent (Simpson et ah, 1955), and  scalp 
ringw orm  (A lbert and  O m ran, 1968; M odan et a l, 1977) show ed a 
significant increase in the incidence of thyroid cancinom as and benign 
thyroid neoplasms. In addition, in the years since the Chernobyl accident, 
there has been a substantial increase in the incidence of thyroid carcinomas 
in children in Southern Belarus and in N orthern Ukraine (Williams et al., 
1993). It was suggested that radioactive isotopes of iodine released from the 
dam aged reactor are the m ost likely cause of the post-Chernobyl increase in 
childhood thyroid cancer found in these regions.
Lem oine et al. (1988) reported  that DNA from  60% of rad iation- 
induced rat thyroid tum ours transfected into NIH3T3 cells scored positive 
in the nude m ouse tum origenesis assay. Southern blot analysis show ed 
that in eight out of nine cases, transform ing activity was due to the K-ras 
oncogene activation (Lemoine et al., 1988). Ras m utations have been 
show n to occur both in "spontaneous" and radiation-associated hum an 
thyroid tum ours (Yoshida et a l, 1988; Lemoine et a l, 1989b; W right et a l, 
1991b).
From pathological evidence, neoplasia of hum an thyroid  follicular 
cells appears to progress along two distinct pathw ays (W ynford-Thomas, 
1993). These are "follicular" and "papillary" pathw ays, both arising from  
the follicular cells, and culm inating in the agressive anaplastic carcinoma 
(Figure 1.9.1.). "Follicular" neoplasia retain the characteristic structural
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elem ent of the norm al gland. "Papillary" neop lasia  d iffer bo th  in 
m orphology and biological behaviour (Wynford-Thomas, 1993).
Ras
Gsp 7 7 TP53
Ret
Trk ?? TP53
Papil lary
c a rc in o m a
Follicular
c a rc in o m aR d en om a
R n a p la s t ic
c a r c in o m a
Occult
p ap i l la ry
c a r c in o m a
Normal
Figure 1.9.1. Multi-stage tumorigenesis in human thyroid follicular cells (redrawn from 
Wynford-Thomas, 1993).
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N um erous studies have been undertaken to investigate w hether this 
contrast in biological behaviour m ight be associated with different patterns 
of oncogene activation. Lemoine et a l (1988) found a m arked difference in 
the frequency of activated ras oncogenes detectable by transfection assays 
in papillary  cancers (20%) com pared w ith follicular cancers (80%). This 
finding suggested a connection between this pattern of oncogene activation 
and the m arked difference in biological behaviour.
In addition, frequent rarrangem ents of the ret oncogene have been 
observed in papillary tum ours bu t not in follicular tum ours (Ishizaka et 
a l,  1989; Grieco et a l, 1990; Pierotti et a l, 1992; Jhiang et a l, 1992; Williams 
& W illiams, 1995), Ito et a l (1993) reported inducibility of rearranged ret 
oncogene in a thyroid derived cell line following in vitro X-irradiation.
Studies of hum an thyro id  tum ours suggested tha t p53 m utation  
plays a role in the progression of differentiated thyroid  carcinom as to 
undifferentiated  ones (Ito et a l, 1992). H ow ever, other studies failed to 
dem onstrate  p53 m utations in hum an thyroid tum ours (W right et a l,  
1991).
1.10. Aims of thesis
The cellu lar and  m olecular m echanism s of rad ia tio n -in d u ced  
neoplastic transform ation of hum an epithelial cells are poorly understood. 
This is m ainly due to the difficulties in obtaining a suitable in vitro m odel 
of hum an  cell neoplastic  transform ation. An optim al m odel w ou ld  
provide an easy induction and detection of neoplastic transform ation of 
hum an epithelial cells by single dose of radiation. The m ain aims of this 
study were the following:
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0 Induction  of neoplastic transform ation of hum an thyro id  epithelial cell 
line by y- and a-irradiation.
0 Investigate the effect of different types of ionizing rad ia tion  (y, a )  on 
transform ation incidence.
0 Investigate the effect of different irradiation regimes (single and m ultiple 
exposure) and different post-irradiation treatment (num ber of passages) on 
transform ation frequency.
0 Examine the existence of m olecular and cellular changes involved in the 
neoplastic process.
0 Characterize the tum our cell lines produced.
Chapter 2 
M A T E R I A L S  A N D  M E T H O D S
2.1, Cells and media
2.1.1. The HToriS cell line
The hum an thyroid  epithelial cell line, designated  HTori3, w as 
used for the transform ation studies. This cell line was established from 
hum an prim ary thyroid follicular epithelial cells following transfection 
w ith  a plasm id containing a replication origin defective SV40 genom e 
(5.3 kb SV40 genome w ith a six base pair deletion that eliminates the Bgll 
site at the origin of replication) (Lemoine, 1989). The resultant im m ortal 
cell line retains norm al epithelial m orphology and  expresses specific 
features of thyroid epithelial function (iodide-trapping and  thyroglobulin 
secretion), at early passages forms anchorage-independent colonies at low 
frequency but, is not capable of forming tum ours in a thymic nude mice. 
This line is aneuplo id  in natu re  and has 44-76 chrom osom es per 
m etaphase, w ith no clear mode. Southern blot analysis confirm s the 
integration of a single copy of SV40 DNA.
The HTori3 cells were supplied by professor D. W ynford-Thom as 
(University of Wales College of Medicine, Cardiff, United Kingdom). The 
cells were grown in 80 cm2 flasks [Nunc] at 370C, The m edium  used was a
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m ixture of equal volum es of Dulbecco's MEM [Gibco BRL] and H am 's 
F I2 m edium  [Gibco] supplem ented with 7% (v /v) foetal calf serum  (PCS) 
[Globepharm], penicillin 100 u n its /m l [Sigma], streptom ycin 100 M-g/ml 
[Sigma], and L-giutamine 2 mM [Flow Laboratories].
2.I.I.I. Cell passage
Cells were routinely subcultured at subconfluence at a 1:20 split 
ratio. All the m edium  was rem oved and the flasks were w ashed twice 
w ith  4 ml of a solution of 0.05% (w /v ) trypsin [Difco] and  0.2% EDTA 
[Sigma] in phosphate-buffered saline (PBS). Flasks w ere then left for 5 
m inutes in a 37^C incubator. A phase-contrast microscope [Olympus] was 
used  to check w hether the cell sheet is completely detached from  the 
flask bottom. Cells were then resuspended in m edium , p ipetted  u p  and 
dow n several tim es to ensure the separation of ind iv idual cells in 
suspension, and 1/20 plated into new flasks. After passaging, the cultures 
were gassed with 5% carbon dioxide (CO%) to reach an optim um  pH. Caps 
were screwed air tight and flasks were kept in a 37°C dry  incubator. A 
complete m edium  change was carried out every 2-3 days.
2.1.2. The T24 cell line
The T24 hum an bladder carcinoma cell line was used as a positive 
control for H-rfls m utation  screening at the codon 12 valine allele 
(Taparowsky et a l, 1982; Capon et a l, 1983a). The T24 cells were supplied 
by Dr J. M asters (Institute of Urology, London, U nited Kingdom). Cells 
w ere cu ltu red  in Rosewell Park M em orial In stitu te  tissue cu ltu re
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m edium  1640 (RPMI 1640) [ICN Flow] supplem ented  w ith  5% FCS 
[Globepharm], penicillin [Sigma] 100 u n its/m l, streptom ycin [Sigma] 100 
p g /m l, and  2 mM L-glutam ine [Flow Laboratories]. The cells were 
passaged with 0.01% trypsin [Difco] w ith 0.2% EDTA [Sigma] in PBS at 
37°C for 10 minutes.
2.1.3. The SW480 cell line
The SW480 hum an colon adenocarcinom a cell line, hom ozygous 
for the m u tan t K-ras codon 12, was used as a positive control for 
screening the tum our cell lines for a m utant K~ras at the codon 12 valine 
allele (Capon et a l, 1983b). The cells were supplied by Dr C. Paraskeva 
(Medical School in Bristol, United Kingdom). Cells w ere m aintained in 
D ulbecco's MEM m edium  [Gibco BRL] supplem ented  w ith  7% FCS 
[Globepharm], penicillin [Sigma] 100 u n its/m l, streptom ycin [Sigma] 100 
p g /m l, and 2 mM L-glutamine [Flow Laboratories]. Cells w ere rem oved 
from the flasks using 0.1% trypsin [Difco] with 1% EDTA [Sigma] in PBS 
at 37°C for 4 minutes.
2.1.4, The HOS cell line
The hum an osteocarcinoma cell line (HOS) was used as a positive 
control for m u tan t P53 (Romano et a l,  1989). The HOS cells w ere 
provided by Dr. B. Vojtesek (Departm ent of Biochemistry, University of 
D undee, U nited  K ingdom ). Cells w ere grow n in D ulbecco's MEM 
m edium  [Gibco BRL] supp lem ented  w ith  10% FCS [G lobepharm ], 
penicillin [Sigma] 100 u n its /m l, streptom ycin [Sigma] 100 p g /m l, and 2
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mM  L-glutamine [Flow Laboratories]. Cells were detached from the flasks 
using 0.05% trypsin [Difco] and 0.1% EDTA [Sigma] in H ank's balanced 
solution (pH 7.2) at 37°C for 20 minutes. M edium was changed every 2-3 
days.
2.2. Maintenance of the cell lines
2.2.1. Freezing
Stocks of original HToriS cells were kept frozen in liquid nitrogen 
and used w hen required. W hen a cell line has been produced, seed stock 
w as stored frozen in liquid nitrogen. The cell culture was grow n to a late 
log phase and the resulting high density monolayers were trypsinized as 
describe above (section 2.1.1.). A pproxim atelly 1-1.5 x 10^ cells were 
resuspended in culture m edium  (equal mixture of Dulbecco's MEM and 
H am 's F12 m edium ) containing 20% FCS. As a p reserva tive  10% 
dim ethyl sulphoxide (DMSO) [BDH] was added dropwise and equilibrated 
by gently swirling. The cell suspension was aliquoted (1.5 ml) into 2 ml 
cryotubes [Nunc]. The tubes were placed initially in the gas phase of a 
liquid nitrogen freezer which has slow cooling rate for at least 24 hours. 
The tubes were then transfered to the liquid phase (-196°C) for longer 
storage.
2.2.2. Thawing
The tubes were retrieved from liquid nitrogen and quickly thaw ed 
by im m ersion in the w ater bath at 37°C. W hen thaw ed, the tubes w ere
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swabbed with 70% alcohol and the content of the tubes was transfered to 
culture flasks. Culture m edium  (10 ml) was then added slowly dropw ise 
to the cell suspension to avoid osmotic damage. The flasks w ere gassed 
w ith 5% CO2  and placed into the incubator at 37°C for 6-9 hours to allow 
the cells to attach. M edium  was then changed to fu rther d ilu te  the 
DMSO, thereby reducing toxicity.
2.2.3. In situ  detection of mycoplasma in cell cultures
Cell cu ltu res  w ere period ica lly  exam ined for m ycoplasm a 
contam inants using Hoechst stain [Flow Laboratories]. This m ethod takes 
advantage of the DNA-intercalating dye Hoechst 33258 w hich excites at 
360 nm  and emits at 490 - 500 nm. Contaminated cultures are detected by 
the bright, punctuate cytoplasmic staining of the mycoplasm a DNA.
The cells were grown on slides under the condition described in section
2.5.2. W hen the cells reached 50-80% confluency, they w ere fixed by 
add ing  Carnoy's fixative (1 part glacial acetic acid to 3 parts absolute 
m ethanol) and  incubated  a t room  tem perature for 5 m inutes. The 
fixation step was repeated by adding Carnoy's fixative for an additional 10 
m inutes, and then the slides were air dryed for 30 m inutes.
The w orking dilution of Hoechst stain, 0.05 p g /m l in the H anks 
Balanced Solution (HBS) was added for 30 m inutes at room  tem perature. 
Slides w ere w ashed 3 times w ith distilled w ater at room  tem perature 
allowing 1 m inute soaking time per wash, then were air dryed. The cells 
were then examined using a fluorescent microscope [Carl Zeiss] under oil 
immersion. No mycoplasma contamination was detected in our cultures.
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2.3. Transformation studies
2.3.1. G am m a-irradiation procedure
The experim ental design is shown in Figure 2.3,1.1. Subconfluent 
cells attached to flasks were exposed to single or m ultiple doses of y- 
radiation from a IBL 437C y-irradiator [CIS UK Bio International] at 
a dose rate of 4.6 Gy per minute. After irradiation cells were plated into 
flasks, re-fed w ith  fresh m edium  every 2-3 days, allow ed to reach 
subconfluence, and subcultured 1:10 once between each fractioned dose to 
m a in ta in  co n tin u o u s  p ro life ra tio n . W hen the  cells re a ch ed  
subconfluence they were irradiated  again. Sets of control un irrad iated  
cells w ere hand led  in exactly the sam e way. Follow ing the final 
irradiation, cells were passaged 6 times (4-6 weeks), after which they were 
in jected in to  nu d e  mice for tum origenicity  tests. Each flask was 
m ain ta ined  independen tly  and passaged w ithou t pooling cells and  
expanded to 3 flasks per group before transplantation.
2.3.2. A lpha-irradiation procedure
Experimental protocol followed for experiments w ith a-particles is 
show n in Figure 2.3.1.1. Cells were irradiated w ith a-particles 238p^ 
particle source at the Medical Research Council Radiobiological U nit in 
Chilton (Goodhead et a l, 1991). Irradiations were carried out by Drs. A. 
Riches and P. Bryant in collaboration with staff at MRC RBU, The design 
is shown schematically in Figure 2.3.2.1. The source had half life 86 years 
and activity of -1.2 x 10^ Bq. The energy spectrum  of the a -p a rtic le s  
em itted was 5.50 and 5.46 MeV.
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Figure 2.3.1.1, Experimental protocol used for in vitro cell transformation of HToriS cells 
by y- and a- irradiation.
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Figure 2.3.2.I. Schematic diagram of the main components of the a- particle source 
chamber and sample wheel (redrawn from Goodhead et ah,1991),
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Due to the lim ited penetration  of the a -p a rtic le s , cells w ere 
irradiated in specially designed dishes consisting of a glass ring of 5 cm 
diam eter and a hostaphan bottom  of 3 pm  thickness. N o significant 
difference was observed in plating efficiency or grow th rate w ith cells 
grow n in these dishes as com pared to those cultured in the conventional 
tissue culture flasks. 2.5 x 10^ cells w ere plated 24 hours p rio r to 
irradiation to ensure that the cells were in exponential grow th during the 
time of exposure.
Irrad ia tion  w as perform ed at room  tem perature . Im m ediately  
follow ing irradiation the central portion of hostaphan bottom  w as cut 
ou t by a sharpened cylindrical punch in order to select only those cells 
which had received a full dose of radiation. The cells were rem oved from 
the bottom  by routine trypsinization and plated into flasks. For the 
h igher dose experim ent, 2 or 3 dishes were trypsin ized  and pooled 
together. Cells of all experimental groups were passaged 6 times before 
injection into nude mice.
2.3.3. Tumorigenicity assay
To test tum origenicity  of treated  cells and  derived  lines from  
tum ours, the cells were injected into congenitally a thym ic nude mice 
(nude mice), s tra in  M Fl n u /n u .  The original stock of m ice was 
purchased  from OLAC Ltd, bu t once a breeding stock was established 
anim als w ere taken for experim ental purposes from  this stock. The 
anim als were kept and bred in the University of St. A ndrew s Animal 
H andling Facility in a 12 hour lig h t/d a rk  illum ination cycle. An am bient 
tem perature were kept constant at 22.3°C (72°F) and the air in the rooms
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w ere filtered. Mice were fed w ith RMl(E) pellets [Special Diet Service] 
and allowed sterile w ater ad libitum.
Cells to be tested in the tumorigenicity assay were harvested using 
the trypsin/ED TA  technique (see section 2.1.1.), resuspended in m edium , 
transfered into sterile 30 ml universal tubes [Sterilin] and spun dow n at
1,000 rpm  in a Chilspin [MSE Scientific Instrum ents] for 10 m inutes. 
Supernatant was discarded and the pellet was dispersed in 10 ml of sterile 
saline. The suspension was spun down again at 1,000 rpm  for 10 m inutes, 
su p ern a tan t d iscarded  and  the pellet resuspended  in the m inim um  
am ount of the rem aininig liquid. The cell num ber was counted using a 
Im proved N eubauer Hem ocytometer [Weber Scientific Instrum ents].
The cell suspension was sucked into a 1 ml syringe fitted w ith a 21 
gauge needle. Prior to injection, the dorsal region of the nude mice were 
sw abbed w ith  70% (v /v ) ethanol and 2-3 xlO^ cells suspended in 0.1 m l 
sterile saline were inoculated subcutaneously.
N ude mice (4-6 weeks old) of both sexes were used for injection. 
The animals were m onitored for tum our formation for up to 6 m onths. 
The grow th of tum ours was m easured weekly by com paring the volume 
of the tum our w ith graded size steel ball bearings (Riches & Thomas, 
1970).
W hen the tum our reached 1 cm in diam eter, or after a 6 m onths 
experim ental period , anim als w ere sacrificed, an d  tu m o u rs  w ere 
d issec ted  in o rder to estab lish  tum our cell lines an d  also for 
histopathological examination. For histological exam ination the tum our 
sections from  each anim al were fixed in form aldehyde/ N aCl solution 
(1:9 by vol.), em bedded in paraffin, sectioned and stained in hematoxylin 
and eosin (H&E) as described previously (Luna, 1968).
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2.3.4. Statistical analysis
Data obtained in transform ation experiments w ere analysed using 
G-test (Sokal & Rohlf, 1981). The computation of G was perform ed by the 
following formula:
G = 2 [sum of /  In/ of frequencies in each cell of the table -
sum  of /  In/ of column sums of frequencies - sum  of /  In/ 
of row  sums of frequencies + /  In/ of total num ber of items 
in the table]
W here /  represents observed frequency of the particular group
2.4, Establishment of the tumour cell lines
The technique applied for the establishm ent of the tum our cell 
lines is schematically presented in Figure 2.4.1. W hen the tum ours had 
reached  su itab le size, mice w ere sacrificed by cervical verteb rae  
dislocation. Tum ours w ere dissected and trim m ed from  connective 
tissue in a Petri dish using sterile technique. A slice of tum our tissue was 
cut out from the central part of tum our and further chopped into small 
pieces of approximately 1 mm^ using a sterile scalpel. The fragments were 
placed into a 25 cm^ culture flask w ith a small am ount of F12/Dulbecco's 
m edium  supplem ented w ith  1% FCS. Prelim inary studies show ed that 
low  serum  content restricts fibroblast pro liferation. C ultu res w ere 
incubated for 5-6 days at 37°C. This allowed tum our fragm ents to attach 
firmly to the bottom  of the flask before being disturbed. After this period 
the cultures were fed every 2-3 days until
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Figure 2.4.1. The technique used for the establishment of cell lines from the primary 
tumours induced by irradiation.
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reaching confluence. W hen confluent, the cultures w ere subcultu red  
w ith trypsin/ED TA  mixture (see section 2.1.1.) at a split ratio of 1:3 into 3 
new  flasks in order to obtain sufficient cell numbers for freezing. Before 
freezing, cell identity was perform ed by karyotype analysis, cytokeratin 
analysis, and DNA fingerprinting,
2.5. Identification of the tumour cell lines
2.5.1. Chromosome analysis
In order to distinguish between hum an and m urine cells in the 
tum our explants, analysis of chromosomes at m etaphase was perform ed. 
For this purpose glass slides were specially prepared. Glass slides (72 x 26 
m m ) [BDH] w ere first im m ersed in 1 M hydrochloric acid (HCl) 
overnight and rinsed  w ith  w ater. Following overnight im m ersion in 
100% ethanol, the slides were air dried, placed in a clean box and cooled 
to -20°C before use.
Cells were grown in 80 cm^ flasks and treated for 3-4 hours w ith 0.04 
p g /m l of colcemid (stock solution 4 p l/m l) [Sigma] at 37°C. Cells were 
then harvested with trypsin and spun in a Chilspin at 1,000 rpm  for 10 
m inutes. Follow ing the rem oval of supernatan t, the cell pellet was 
resuspended in the rem aining liquid and exposed to hypotonic 0.75 M 
KCl solution (2 ml) for 3 minutes at 37°C.
The cells were fixed by washing the preparations 3 times w ith  cold 
Carnoy's fixative (methanol : glacial acetic acid = 3 : 1). Following the 
final w ashing of the cells and discarding the supernatant, the cells were 
resuspended in a small volume of fresh fixative.
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The cells were dropped onto an ice-cold w et microscope slide using 
a Pasteur pipette, and im mediately w arm ed by hand. Slides were rapidly 
dried by heat, and directly stained with 3% (v /v) Giemsa [BDH] in water 
for approxim ately 20 minutes. After rinsing in water, the slides were air 
d ried  and analysed using a light microscope [Leitz W etzlar] under oil 
im m ersion .
2.5.2. Cytokeratin staining
Detection of cytokeratin (a m arker for hum an epithelial origin) in 
the tum our cell line was used for establishing the hum an origin of the 
cells.
Cells (50 pi of approximately 1 x 10^/ml single cell suspension) were 
p lated  on sterile slides and left overnight to attach in 5% CO 2 fully 
hum idified  atm osphere at 37°C. Slides were rinsed w ith  PBS, fixed in 
cold acetone [BDH] for 20 m inutes and rehydrated in 1% sheep serum  in 
PBS (SSPBS) [SAPU] for 30 minutes. Incubation w ith prim ary antibody 
was then carried out at 37°C for 1 hour in a hum idified atm osphere. A 
m urine anti-cytokeratin antibody MNP 116 [DAKO] dilu ted 1 : 25 in 1% 
SSPBS was used as the prim ary antibody.
In order to remove the unbound prim ary antibody, the slides were 
w ashed 3 times w ith PBS. The secondary antibody, a sheep anti-m ouse 
polyclonal antibody S081-201 conjugated w ith H orderad ish  peroxidase 
(HRP) [SAPU] was then added to the slides followed by incubation 37°C 
for 1 hour. The secondary antibody was then w ashed off w ith PBS as 
described above prior to developing with DAB.
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After washing w ith PBS, the developm ent was perform ed w ith 3',3- 
diam inobenzidine (DAB) [Sigma]. DAB was used at a concentration of 1 
m g /m l in 50 mM Tris pH  7.6 w ith 0.3% (w /v ) nickel su lphate  (to 
enhance a black colouration). DAB was activated w ith 0.06% hydrogen 
peroxide (H2O 2 ) [BDH]. The slides were incubated at room  tem perature 
for approximately 5 minutes in the dark before washing and observation.
2.5.3. SV40 T antigen staining
In o rder to iden tify  the presence of SV-40 T an tigen  in the 
estab lished  tum our cell lines, im m unocytochem ical s ta in in g  w as 
perform ed. Cells were plated on glass slides and incubated overnight to 
attach. The slides were fixed w ith 1 : 1 methanol : acetone for 2 m inutes 
and w ashed with PBS.
A m urine monoclonal anti-T antigen antibody PAb 405 (gift from 
Prof. David Lane, D epartm ent of Biochemistry, U niversity of D undee) 
d ilu ted  1 : 500 in PBS was added and incubated for 1 hour at room  
tem perature. The slides were washed 3 times in PBS and then incubated 
for 1 hour at room  tem perature w ith 5% FCS. This was to prevent non­
specific binding.
As the secondary antibody a rabbit anti-mouse IgG HRP conjugated 
polyclonal antibody P161 [DAKO] diluted 1:100 in 1% (w /v ) bovine serum  
album ine (BSA) in PBS (BSAPBS) was used. Incubation was perform ed at 
37°C for 1 hour. Following washing with PBS, the slides were developed 
w ith  DAB (see section 2.5.2.), washed and photographed.
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2.5.4, Immxmochemical analysis of p53 protein
The analysis was perform ed in order to ascertain the presence or 
absence of m utan t p53 proteins in the radiation-transform ed cell lines. 
The procedure can be divided into the following steps:
Cell lysis and protein extraction
Im m unoprécipitation w ith prim ary m onoclonal antibodies 
SDS-Polyacrylamide Gel Electophoresis (SDS-PAGE) 
Elecrophoretic transfer onto nitrocellulose m em brane 
Antibody staining of the membrane and visualisation
2.5.4.I. Cell lysis and protein extraction
Confluent cultures (approximately 1 x 10^) were harvested, w ashed 
3 tim es w ith PBS, and spun at 1,000 rpm  for 10 m inutes in a Chilspin. 
After the final washing and pelleting, the cells were either lysed or stored 
at -70°C. For cell lysis, the NET lysis buffer was used. The NET lysis buffer 
was prepared as follows:
50 mM NaCl
50 mM Tris [BRL], pH  8.0
5 mM EDTA [Sigma]
1% NP-40 [BDH]
350 p g /m l phenylmethylsulfonyl fluoride (PMSF) [BRL]
NET lysis buffer (1 ml).was added to the cell pellet, vortexed briefly 
in order to d isrup t the pellet and then left 30 m inutes on ice. The cell 
extract was centrifuged at 10,000 rpm  (13,000 xg) for 30 m inutes at 4°C in a
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high speed centrifuge J2-MC [Beckman] and the pellet discarded. The 
protein extracts were preabsorbed with Protein G Sepharose [Sigma] by 
add ing  40 pi of Protein.G beads suspended in NET buffer to 600 p i 
aliquots of the pro tein  extracts. This suspension w as incubated  on 
rotating wheel 45 minutes at 4°C, and spun at 13,000 rpm  for 2 m inutes 
in a minifuge.
2.5.4.2. Immunoprécipitation with primary monoclonal antibodies
200 pi of supernatant from each of samples was transferred into two 
new  tubes containing previously added 1 pi of ascites containing the 
prim ary specific antibody, either DO-1, PAb 240 (obtained from Prof. D. 
Lane). DO-1 antibody reacts with both wild type and m utant type p53, and 
PAb 240 recognizes only m utant bu t not wild type p53 (Gannon et a l, 
1990; Levine 1990; Vojtesek et al, 1992).
In separate tubes, anti-retinoblastom a m utant protein antibody IPS 
("irrelevant antibody") were added to the lysate in order to check for non­
specific b ind ing  of the second anti-p53 an tibody C M l. Follow ing 
overnight incubation at 4°C, Protein G beads were added and  incubation 
was continued for a further 45 minutes.
The beads (immune complexes) were then w ashed 4 times w ith 
lysis buffer. The lysate and wash buffers were removed by aspiration.
2.5.4.S. SDS-PAGE electrophoresis
A fter the final w ash was com pletely rem oved, the beads w ere 
resuspended in 40 pi of sample buffer. The buffer consisted of:
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4% SDS [BDH]
120 mM Tris [BDH], pH 6.8 
20% glycerol [Sigma]
0.002% bromphenol blue [Sigma]
10% mercaptoethanol [BDH]
The samples were heated in boiling w ater for 10 m inutes, spun  at
13,000 rpm  for 8 m inutes in a m inifuge and the su p ern atan t either 
loaded onto the gel or stored at -20°C. Electrophoresis was carried out on 
a 10% SDS-PAGE. Volumes of the reagents used to cast the gel are given 
in Table 2.6.3.1.
Table 2.5.4.I. Volumes of reagents used to cast SDS-PAGE gels. ^Stock solution was 
prepared by dissolving 29 g of acrylainide [BRL] and 1 g of N,N'-me thy leneb is aery lami d e 
[BRL] in 100 ml of water. f*pH of Tris solution was 8.8 and 6.8 for resolving and stacking 
gel, respectively. ‘^ Solution was prepared freshly by dissolving 1 g of Ammonium  
persulfate [BRL] in 10 ml of water.
Reagent
Resolving gel 
Concentration Volume
Stacking gel 
Concentration Volume
SDS 10% 0.5 ml 10% 0.1 ml
A crylam ide solution^ 30% 16.67 ml 30% 1.3 ml
Trish 1.5 M 12.5 ml 0.5 M 2.5 ml
Distilled water 20.33 ml 6.1 ml
APSc 10% 400 pi 10% 200 pi
TEMED 40 pi 20 pi
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Detailed preparation of the acrylamide solution for the separating 
and stacking gels are described by Harlow & Lane (1988).
The gel was run  on a BRL electrophoresis apparatus, initially at 125 
V, and after the dye front had moved into the separating gel, the voltage 
increased  to 200 V for approxim ately 3 hours. The ru n n in g  buffer 
(adjusted to pH 8.3) consisted of:
0.025 M Tris
0.24 M glycine [Sigmal
0.1% SDS
distilled water to volume
Prestained SDS-PAGE Standard Solution [Sigma] and  unstained  
D alton M ark VII-L [Sigma] m olecular w eight m arkers w ere ru n  in 
parallel to the samples.
2.5.4.4. Electrophoretic transfer onto nitrocellulose m em brane
Transfer of proteins from the gel onto the nitrocellulose m em brane 
was achieved using a semi-dry m ethod (Harlow & Lane, 1988) on an LKB 
2117 M ultiphor II electrophoresis unit. The transfer buffer consisted of:
0.025 M Tris 
0.192 M glycine 
20% m ethanol 
0.0375% SDS 
distilled to volume
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The transfer of proteins onto nylon backed nitrocellulose Hybond-C 
Extra [Amersham] was perform ed at 0.8 mA per cm^ of m em brane over a 
period of 1.5 hours.
2.5.4.5. A ntibody staining and visualisation
To block non-specific b inding sites, the nitrocellulose m em brane 
was incubated at room tem perature w ith 3% BSA [Sigma] diluted in PBS 
for 2 hours. Following two washes in PBS, the second non-specific anti- 
p53 antibody CM l, diluted 1:500 in 3% BSA/PBS solution was added and 
the m em brane incubated at 37®C for 1 hour.
The m em brane was then w ashed 4 times in PBS, and incubated 
w ith  HRP conjugated sw ine an ti-rabbit im m unoglobulins [DAKO] 
diluted 1:500 in 3% BSA/PBS at 37°C for 1 hour. The m em brane was then 
twice w ashed with PBS prior to developing with DAB (see section 2.5.2.) 
and photographing.
2.5.5. DNA fingerprinting
The technique of DNA fingerprinting was perform ed in order to 
confirm the identity of the cell lines derived from prim ary tum ours. The 
m ethod can be essentialy split into 4 procedures:
DNA isolation and digestion 
Gel electrophoresis and Southern blot 
Cloning and radiolabeling of RNA probe 
H ybridization and visualization
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2.5.5.1. DNA isolation and digestion
Genomic DNA was isolated by phenol/ch loroform  extraction of 
proteinase K treated cells followed by restriction enzyme digestion
a) Cell lysis
The cells were harvested with trypsin/ED TA  technique (see section
2.1.1.), centrifuged, and w ashed twice in ice-cold PBS. After the second 
w ash the cellularity was determ ined by a Coulter counter (see section
2.6.1.1.). The cell pellet was then resuspended in lysis buffer evenly (1 ml 
of lysis buffer per 1.2 - 2.0 x 10^ cells) and 1 ml aliquots w ere transfered 
into 1.5 ml E p p e n d o r f ^ M  tubes [Scotlab]. The lysis buffer was made of:
10 mM Tris Cl [Sigma], pH 8.0 
25 mM EDTA [Sigma], pH  8.0 
0.1 M NaCl
Following addition of 250 pi of 10% sodium  dodecyl sulfate (SDS) 
[Sigma], and 100 pi proteinase K [N orthum bria Biologicals Ltd] at 
concentration 10 m g /m l, the samples were mixed w ith cut off blue tips. 
Incubation was carried out at 50°C overnight with gentle shaking at 50°C 
in a hybridisation oven [Techne].
b) DNA extraction
The DNA was extracted and purified twice w ith an equal volum e of 
buffer-saturated  phenol [Aldrich], once w ith  pheno l/ch lo ro fo rm , and 
then once w ith 24:1 (v /v ) chloroform  [BDH] : isoam ylalcohol [Sigma] 
mixture. The DNA solution was precipitated w ith two volum es of ice- 
cold ethanol and half the original volume of 7.5 M am m onium  acetate
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[Fisons Scientific Equipment]. DNA was spooled out w ith a bent pasteur 
pipette into an E p p e n d o r f ^ M  tube, washed twice in 70% ethanol and dried 
in vacuum  for approximately 15 minutes. The dry DNA pellete was then 
resuspended in 50 - 200 pi (depending on the size of the pellet) of 10 mM 
Tris [Sigma] and 1 mM EDTA [Sigma] (TE), pH  7.6, and stored at 4°C
c) Assessment of quality of isolated genomic DNA
To check if DNA was degradated prior to cutting, 2 pi of the DNA 
sam ple was m ixed w ith 2 pi of gel loading buffer and loaded on a 1% 
(w /v ) agarose [International Biotechnologies, INC] m inigel containing 1 
p g /m l ethidium  brom ide [Sigma], Gel loading buffer was prepared  as 
follows:
100 mM EDTA, disodium  salt [Sigma], pH  8.0 
50% (v /v) glycerol [Sigma]
0.1% (w /v) bromophenol blue [BDH] 
w ater to volume.
The gel w as ru n  in IX Tris-borate EDTA (TBE) electrophoresis 
buffer at 80-100 V for 60 m inutes on a minigel apparatus [Bio-Rad]. TBE 
buffer was m ade up as lOX concentrated stock solution and  stored at 
room  tem perature in glass bottles:
109 g Tris base [BDH]
55 g Boric acid [BDH]
40 ml 0.5 M EDTA [Sigma], pH  8.0 
distilled water to 1 liter
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The quality of isolated DNA was assessed under u ltraviolet light 
(UV).
d) Digestion of D NA with restriction endonuclease
The DNA samples were digested w ith the restriction enzyme Hae 
III according to the m anufacturer's  specifications. V olum es of the 
components used for digestion of DNA are shown in Table 2.5.5.1.
Table 2.5.5.I. Volumes of the components used for digestion of DNA by restriction enzyme. 
l^OX REACT 2 buffer consisted of 0.1 ml of 5 M NaCl, 0.06 ml of 1 M Tris HCl (pH 7.4), 0.06 
ml of 1 M MgCl2r 0.01 ml of 1 M dithiothereitol (DDT), 0.67 ml of distilled water.
60 pi of DNA sample 
8 pi of I Ox salt REACT 2  ^ [Gibco BRL]
8 pi of BSA [Sigma], 1 m g /m l
___________ 4 pi of Hae III enzyme. 10 U /p l [Gibco BRLl
Total 80 pi
After overnight digestion at 37°C, completeness of digestion was
checked on a minigel w ith ethidium  bromide fluorescence (see above).
e) Purification of digested DNA
In order to eliminate the salt and enzyme from the digested DNA 
the DNA sam ples were purified  using pheno l/ch lo ro fo rm  (XI) and  
chloroform (XI) extraction. DNA was precipitated w ith 3 volum es of ice 
cold 100% ethanol w ith 1/10 volume of 2.75 M sodium  acetate. In order 
to pellet DNA, the samples were spun at 13,000 rpm  for 5 m inutes in a 
m inifuge Model M icrocentaur [MSE Scientific Instrum ents]. The pellets
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were w ashed twice in 70% ethanol, and spun briefly at 13,000 rpm  in a 
minifuge. DNA pellete was dryed in vacum for 15 m inutes, recovered in 
20 pi of TE, and stored at 4°C.
f) Measuring of concentration of DNA
The DNA concentration of the samples was m easured on a DNA 
fluorim eter Model TDK-100 [Hoefer Scientific Instrum ents]. To calibrate 
the apparatus, standard calf thymus DNA [Clontech Laboratories Inc.] was 
used at concentrations of 100, 250, and 500 p g /m l. 2 pi of sam ple was 
added to 2 ml of working dye solution which consisted of 10 mM Tris Cl, 
pH  8.0; 0.1 M NaCl; 1 mM EDTA, pH  8.0 (TNE), and  H oechst dye (0.1 
pg/m l).
2.5.5.2. Gel electrophoresis and Southern blotting
Separation of DNA fragments was perform ed by electrophoresis on 
a 0.8% (w /v ) agarose gel, followed by dénaturation and DNA capillary 
transfer to a nitrocellulose membrane.
a) Preparation of agarose gel
2.4 g of pow dered agarose [International Biotechnologies, INC] was 
added into an Erlenmeyer flask w ith 300 ml of IX TBE and heated in a 
m icrow ave oven until the agarose had dissolved. The so lu tion  was 
cooled to approxim atelly 60°C, and warm  Milli Q (MQ) w ater added to 
original level to compensate for evaporation during boiling.
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A horizontal gel tray was leveled, the agarose pou red  and a gel 
comb inserted. Once the gel has hardened, the gel was overlayed w ith  a 
sufficient IX TBE buffer and the comb was carefully w ithdraw n.
b) Loading DNA samples and running gel
Before loading the gel, the DNA concentration in all samples was 
standardized to 500 p g /m l by mixing the samples w ith gel-loading buffer 
(see section 2.5.4.1.c). Lambda DNA ladder marker (cut w ith  restriction 
endonuclease EcoR I) [Gibco] and undigested plasm id DNA (homologous 
to the RNA probe) were run in parallel w ith the DNA samples. Lambda 
phage DNA digested w ith EcoR I gave a useful set of bands: 40; 90; 112; 
116; 132; and 180 Kbp. In order prepare the lambda DNA ladder for 2 wells 
(1 for either side of the gel) the following components were mixed:
10 pi lambda DNA (concentration 500 pg /m l)
1 pi of EcoR I enzyme
2 pi of lOX salts
7 pi of distilled water
M ixture w as incubated  at 37°C for 1 . 5 - 2  hours. Follow ing 
incubation, the digest was mixed with 20 pi of glycerol dye and split 
between two wells.
The wells were loaded with equal amounts of DNA sample and dye 
ensuring that the volum e of the dye was 1 /3  of the load. A fter the 
samples, lam bda and uncut plasm id DNA were loaded, the gel was left 
for 10 minutes before running in order to allow DNA to equilibrate w ith 
buffer. Electrophoresis conditions for separation of DNA fragm ents were 
given in Table 2.5.5.2.
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Table 2.5.5.2. Electrophoresis condition for separation of DNA fragments by agarose gel 
for DNA fingerprint analysis. *The gel was run first at 24 V for 48 hours (when tire buffer 
was changed), and after run at 36 V for another 24 hours.
Form at horizontal
Run time 72 hrs
Gel concentration 0.8%
Gel size 20 X 20 cm
Gel thickness 4-6 mm
Gel buffer IX TBE
Running buffer IX TBE
Sample volum e 20 III
Voltage 24 V (36 V)a
Temperature am bient
The sam e batch of electrophoresis buffer was used  in  both  the 
electrophoresis tank and for preparing the gel (100 mM Tris borate, 1 mM 
EDTA, pH  8.3). This is because small differences in ionic strength and pH  
creates fronts in the gel which can affect the mobility of DNA fragments. 
After 48 hours the whole running  buffer was replaced w ith  IX TBE 
containing 1 p g /m l of e th id ium  brom ide. This w as necessary  for 
visualizing the m igration of lam bda DNA ladder. The m igration distance 
of each ladder was measured under the UV and recorded.
c) Capillary transfer of DNA by Southern blotting
Following electrophoresis, DNA was depurinated by soaking the gel 
in 0.25 M HCl for 20 minutes on a shaking tray, and denatured by placing 
in a bath  of 0.5 N N aOH and 1 M NaCl (Gel Soak 1) for 45 m inutes at
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room  tem perature on a m oving platform. The gel w as then neutralized 
by bathing in 0.5 M Tris-HCl pH  7.4, and 3 M NaCl (Gel Soak 2) for 45 
m inutes at room  tem perature on a moving platform.
The DNA was transferred from the gel by DNA capillary transfer as 
described by Southern (1975) (Figure 2.5.5.1.). Transfer was perform ed in a 
deep dish w ith 1 liter of lOx SSC buffer (01.5 M NaCl, 0.15 M sodium  
citrate). Stock SSC solution (20X) was prepared by dissolving 175.3 g NaCl 
(3M) and 88.2 g Nag citrate 2 H 2O in 800 ml of distilled water. The pH  of
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Figure 2.5.5.I. Capillary transfer of DNA from agarose gel onto Zeta-Probe GT membrane.
the solution was adjusted to 7.0 with a few drops of 10 N  Na OH. The 
volum e was adjusted to 1 liter w ith distilled w ater and  solution w as 
sterilized by autoclaving.
Five sheets of W hatman 3MM blotting paper were cut (four sheets 
approximately the same size as the gel and one sheet twice as long as the
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gel). One sheet of Zeta-Probe GT nitocellulose m em brane [Bio-Rad] was 
cut to the exact size of the gel and soaked for 5 m inutes in distilled water 
before using. A wick of W hatman 3MM paper was laid first over the glass 
so both ends reach into the transfer buffer. About 1 L of lOX SSC was 
poured over the wick and rolled out with a 10 ml pipette to remove any- 
trapped air bubbles.
Two m ore sheets of the pre-cut 3MM W hatm an paper were then 
placed on the wick, and the gel placed on it. Saran W rap was spread along 
all four sides of the gel. This ensured capillary action only through the 
gel. After flooding the gel surface w ith buffer, the pre-w etted Zeta-Probe 
GT m em brane was placed on it, and trapped air bubbles rem oved as 
above. The two rem aining sheets of 3MM W hatm an paper, cut slightly 
smaller then the membrane, were soaked in lOX SSC and placed on the 
surface of the blotting membrane.
Paper towels (about 15 cm high) were stacked over the W hatm an 
paper being careful to avoid any chance of a short circuit. In order to keep 
pressure, a glass plate and weight cones were placed on top of the towel 
stack.
In order to keep up  steady capillary action, the dam p towels were 
changed every 5 m inutes for the first 15 m inutes, thereafter every 15 
m inutes for the first hour. The transfer was continued overnight for 
further 20 hours.
After the transfer was com pleted, the m em brane was separated  
from  the gel using b lunt forceps, rinsed briefly in 2 x SSC to rem ove 
debris. The m em brane was then air dried on a piece of filter paper, and 
baked in a preheated vacuum oven at 80°C for 30 minutes, and stored dry 
between two filter papers in a plastic bag at room tem perature until use.
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2.5.5.3. Cloning and radiolabelling of RNA probe
a) Cloning of minisatellite sequences into vector
An RNA probe was synthesized from a specific DNA template. This 
tem plate  w as inserted  dow nstream  from  a specific bacteriophage 
transcription prom oter (subcloning of minisatellite sequence into vector 
w as perform ed by Dr. D. Parkin, Nottingham ). Transcribable vectors 
pSPT 18 and pSPT 19 [BCL] (Figure 2.5.5.2.) w hich contained RNA 
polym erase prom oters from  T7 and SP6 phages flanking the pUC 18 
m ultip le cloning site w ere selected. They also conferred  am picillin 
resistance. M inisatellite region of 33.6 and 33.15 w ere libera ted  by 
digestion of M13 RF DNA w ith H ind III and EcoRI, and  purified  by 
electroelution. M inisatellite regions w ere then cloned into the H ind  
III/EcoRI site of vectors pSPT 18.6 and 19.6 to yield 4 recombinants (pSPT 
18.6/ 19.6, 18.15, and 19.15) perm itting either strand of either probe to be 
p repared , by selecting T7 or SP6 polym erase for transcrip tion . The 
recom binants were transferred by the C aC h m ethod into E. coli. D H l 
strain, and recombinants were selected by ampicillin resistance.
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Figure 2.5.5.2. Principle of SP6/T7 transcription. Transcription of the (+) and (-) strand of 
the cloned DNA is possible with SP6 RNA polymerase and T7 RNA polymerase in the 
same vector or with only one of the RNA polymerases in different vectors.
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b) Isolating plasmid DNA from E. coli
Some E. coli bacteria were taken from glycerol stock (freezer) with a 
sterile inoculation wire and incubated overnight on Luria Broth (LB) 
ampicillin (50 pg /m l) plates at 37°C to produce single colonies. A single 
bacterial colony w as streaked onto a fresh LB am picillin p late and 
incubated again overnight at 37°C. A single colony was then rem oved 
from this second plate and inoculated into 3 ml of LB ampicillin broth (a 
rich grow th  m edium ) and incubated overnight at 37°C w ith  gentle 
agitation.
One liter of LB broth was prepared as follows: 10 g Bactotryptone 
[Difco], 5 g Bacto yeast extract [Difco], and 10 g NaCl were mixed in water 
and  pH  was adjusted to 7.0 using 5 N  NaOH. Following adding  15 g 
Bacto-agar, the solution was autoclaved. Molten m edia were allowed to 
cool to 55°C before adding ampicillin to a final concentration of 35-50 
pg /m l. Ampicillin was prepared as 25 m g /m l stock solution in w ater and 
stored in aliquots at -20°C.
To isolate the plasm id DNA from the bacteria the m ethod described 
by Jones & Schofield (1990) was employed. 1.5 ml of bacterial suspension 
was pelleted in an E p p e n d o r f ^ M  tube by centrifuging for 1 m inute at
13,000 rpm  in a minifuge. The supernatant was rem oved completely and 
the bacterial pellet resuspended in 180 |il solution of 50 mM glucose, 25 
mM  Tris-HCl, pH  8.0, and  10 mM EDTA (GTE). A freshly p repared  
solution of 0.2 M NaOH and 1% SDS was used as a lysis mix. Following 
addition of 360 pi of lysis mix to the cells, the tubes w ere inverted 10 
times and then incubated on ice for 5 minutes.
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To precipitate the chromosomal DNA and proteins, 270 pi of 3 M 
potassium  acetate (pH 4.8) was added, inverted 10 times and then the 
m ixture was placed on ice for further 5 minutes.
After spinning at 13,000 rpm  for 5 minutes in a m inifuge at 4PC, the 
supernatan t w hich contained the plasm id DNA was transferred  to a 
clean tube. One volume (800 pi) of absolute ethanol was added, vortexed 
briefly, and im mediately spun at 13,000 rpm  for 5 minutes. The resulting 
supernatant was discarded and the pellet (the plasmid) was w ashed w ith 
1 ml of 70% ethanol, before a final centrifugation at 13,000 rpm  for 2 
m inutes. The plasm id pellet was dried in vacuum  for 10 m inutes. The 
pellet was resuspended in 20 pi of sterile TE.
c) Radiolabelling of RN A probe
Linearizing the plasmid DNA. The plasm id DNA w as linearized  by 
digestion  w ith  a suitable restriction enzyme. Into a sterile tube the 
following components were added:
3 pi (1 pg) of uncut plasmid DNA 
1 pi enzyme (EcoR I [Gibco BRL] for pSPT 19.6, and 
H ind III [Gibco BRL] for pSPT 18.15)
0.6 pi lOX salt solution (REACT 3) [Gibco]
1.4 pi sterile distilled water
The mixture was incubated for 1.5 hours in a 37°C w ater bath. 
Transcription reaction. To radiolabel RNA probe, the protocol described 
by Carter et al. (1989) was followed. Transcription reaction w as perfom ed 
by addition of components as shown in Table 2.5.5.3.
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Table 2,5.5.3. Volumes of components used in transcription reaction for radio labelling 
RNA probe. ^From Promega Riboprobe Gemini II kit. ^Transcription buffer (5X) consisted 
of 200 mM Tris-HCl pH 7.5,30 mM MgCl2, 10 mM spermidine, 50 mM NaCl.
6 pi linearized plasm id DNA
4 pi 5X transcription buffer^b
3 pi NTPs (10 pM each ATP, GTP, UTP, 1 pM CTP)a
2 pi DTT (100 mM)a
1 pi RNAsin (25 U /p l) [Amersham]
3 pi CTP (400 Ci/m m ol) [Amersham]
 1 pi T7 RNA polymerase.(20 U /iil) [Pharmacia]
Total 20 pi
This m ixture was vortexed, spun briefly and incubated for 1 hour at
37°C. The reaction was stopped by the addition of an equal volume (20 pi)
of a mixture of 0.9% (w /v) blue dextran [Sigma], 0.03% (w /v) bromocresol 
purple [BDH], and 20 mM EDTA (Nick stop mix).
Removal of unincorporated nucleotides. T he  u n in c o r p o r a te d  
nucleotides were rem oved on a 1 ml column Sephadex G-50 [Pharmacia] 
equilibrated w ith  TE. The bottom  of a 1 ml disposable syringe was 
plugged w ith glass wool. The syringe was filled w ith the column resin 
and placed into a polypropylene tube that is suitable for centrifugation. In 
order to pack the column, spinning was perform ed at 3,000 rpm  for 3 
m inutes in a desktop centrifuge. The sample tube was rinsed w ith  2 
volum es of TE, reloaded into the column, and spun  at 3,000 for 3 
m inutes. All liquid (the labelled RNA probe) at the bottom  of the tube 
w as collected. Relative radioactive incorporation w as m easured  in a 
liquid scintilation counter Model Tricarb 1600 TR [Canberra Packard].
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2,5.5.4. Hybridization and visualization
The prehybridisation was carried out overnight in hybridization 
tubes at 65°C in a solution of IX SSC, 2% SDS, and 1% bovine lacto 
transfer technique optim izer solution (BLOTTO). The BLOTTO stock 
solution (10%) w as prepared  by dissolving 10 g non-fat d ried  m ilk 
[Marvel] in 100 ml of water, followed by addition of 0.2 g sodium  azide 
and 10 pi diethyl pyrocarbonate (DEPC).
P rehybrid ization  was follow ed by hybrid isa tion  in  the sam e 
solution used for prehybridisation however with the addition of 6 x 10^ 
cpm 32p-iabelled RNA probe (pSPT 19.6). Hybridization was carried out in 
the hybridization chambers at 65°C for 16 hours.
Following the hybridization the membrane was w ashed repeatedly 
in IX SSC and 0.1% SDS at 65°C until a blank control filter show ed only 
background radiation levels.
After w ashing, the dam p m em brane was w rapped  in Saran W rap 
and exposed to two Kodak X-ray films (either side of the m embrane) for 2 
days with two intensifying screens followed by 19 days w ithout screens at 
-70°C. One film was developed after 2 days and the other after 21 days.
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2.6. Characterization of the tumour cell lines
2.6.1. Plating efficiency and survival curves
2.6.1.1. Plating efficiency (PE)
Cells were trypsinized (see section 2.1.1.) and single cell suspensions 
were prepared by pipetting. The cell concentration was determ ined using 
a Coulter counter m odel ZM [Coulter Electronics Ltd] w ith the following 
settings: threshold 20.0; attenuation 32; aperture current 0.7 mA. The cells 
w ere p la ted  out as a single cell suspension in 10 ml of m edium  
containing 7% PCS, at low cell densities into 90 mm diam eter cell culture 
grade plastic dishes [Nunc]. The cultures were incubated for 14 days at 
37°C  in a hum id ified  gas atm osphere w ith  5% CO 2 . F o llow ing  
incubation, the cultures were w ashed with PBS, fixed w ith  m ethanol 
[Fisons Scientific Equipment] for 10 minutes, air dried, and stained w ith 
10% (v /v ) Giemsa [BDH] for 20 minutes. Colonies w ith  m ore than 50 
cells were counted.
The plating efficiency (PE) which can de defined as the percentage of 
the untreated cells that grow into macroscopic colonies was calculated by 
the following equation:
N um ber of colonies counted
PE = -------------------------------------------- xlOO (%)
N um ber of cells seeded
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2.6.I.2. Survival assay
Figure 2.6.1.1. show s the schem atic protocol used  to generate 
survival curves. Cells were trypsinized and the cell concentration was 
determ ined using a Coulter counter as described in section 2.6.1.1. Cells 
in suspension were exposed to graded doses of y-irradiation. The num ber 
of irradiated cells was chosen so as to produce approximately 60 colonies 
per dish. The treated cells were then plated into 90 m m  diam eter cell 
culture grade plastic petri dishes [Nunc]. The plates were incubated for 14 
days in a hum idified gas atmosphere containing 5% CO2 at 37°C.
Following incubation, the cultures were w ashed w ith  PBS, fixed 
w ith  m ethanol for 10 m inutes, air dryed, and stained w ith  10% (v /v ) 
Giemsa [BDH] for 20 minutes. Colonies w ith m ore than 50 cells were 
counted.
The su rv iv ing  fraction (SF) w hich can be described  as the 
proportion of treated cells that can give rise macroscopic colonies was 
calculated as follows:
Num ber of colonies
SF = -------------------------------------------------
Num ber of cells seeded x PE/100
a) Statistical analysis
Com parison of radiosensitivity between the tum our cell lines and 
p a ren t HTori3 cells w as perform ed using a tw o w ay  analysis of 
covariance (Ancova)
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Figure 2.6.11. The cell culture technique used to generate cell survival curves.
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2.6.2. Detection of ras mutations in the tumour cell lines
Screening for ras oncogene m utations in the tum our cell lines was 
perform ed using  a rap id  nonradioactive m ethod (Jiang et aL, 1989). 
Polymerase chain reaction (PCR) amplification of hum an H-ras and K-ras 
first exon sequences is followed by specific restriction enzyme analysis to 
detect either endogenous or prim er-m ediated restriction fragm ent length 
polym orphism s (RFLP).
2.6.2.I. The basic principles of PCR
A lthough the principle of the polymerase chain reaction (PCR) was 
described in details in early 1970s (Kleppe et al.,1971; Panet & Khorana, 
1974)/ the first PCR reaction was perform ed and nam ed in 1985 by Mullis 
and colleagues (Mullis & Faloona, 1987). The PCR technique has enabled 
us to produce enormous num bers of copies of a specified DNA sequence 
w ithout resorting to time-consuming cloning techniques.
The principle behind PCR is quite simple (see Figure 2.6.2.I.). The 
technique consists of three stages: dénaturation, annealing and extension, 
which are repeated over 20 or more cycles. This technique exploits certain 
features of DNA replication. DNA polymerase uses single-stranded DNA 
as a tem plate for the synthesis of a complementary new  strand in the 5' 
to 3' direction. Single-stranded DNA can be produced by heating double­
stran d ed  DNA to tem peratures near boiling. DNA polym erase also 
requires a small section of double-stranded DNA to initiate ("prime") 
synthesis. Short oligonucleotide sequences (prim ers) are designed to 
flank the region of DNA that is to be amplified. Since a prim er is
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Figure 2.6.2.I. Schematic diagram of PCR reaction. When primer 1 and 2 are added, they 
anneal to complementary strands of DNA and two new strands are synthesized by Taq 
polymerase. If the process is repeaed, both the sample and newly sinthesized strands can 
serve as templates, leading to an exponential increase of product (redrawn from Read, 
1990).
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provided for each DNA strand, both DNA strands serve as tem plates for 
synthesis
The double-stranded template DNA is denatured by heating at 94 - 
95°C resulting in formation of single DNA strands. Cooling to 40 - 60°C 
allows the prim ers to anneal. The m ixture is subsequently heated to the 
optim al tem perature for the polym erase (usually 72°C). This allows the 
polym erase to copy the com plem entary strands. The new ly synthesized 
strands of DNA extend beyond the position of the prim er on the opposite 
strand. Therefore new  prim er binding sites are generated on each newly 
synthesized DNA strands.
The m ixture is heated again to separate the original and new ly 
synthesized strands, which are then available for prim er annealing, DNA 
synthesis, and strand  separation. Most PCR am plifications consists of 
betw een 20 and 30 such cycle. A final incubation step at the extension 
tem perature results in fully double-stranded DNA fragments.
Initially synthesis goes beyond the sequence com plem entary to the 
other prim er, bu t w ith each cycle of heating and cooling, the num ber of 
the fragm ents in the region flanked by each prim er increases alm oust 
exponentially, w hile longer fragm ents accum ulates only in a linear 
fashion, provided that the am ount of starting DNA is present in lim iting 
quantities.
The use of PCR had had very limited applications until heat-stable 
DN A  polym erase becom e available. Since "Klenow" po lym erase , 
originally  used in PCR reactions (Mullis & Faloona, 1987), is a heat 
sensitive enzyme, it had to be replenished after each dénaturation step. 
The isolation of the therm ally stable Taq polym erase (from eubacteria
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Thermus aquaticus) allowed just one aliquot to be added at the start of 
the procedure (Saiki et al., 1985; Powell et al., 1987; Chehab et al., 1987).
2.6.2.2. Oligonucleotide primers and PCR amplification
Oligonucleotide prim ers for PCR amplification were synthesized by 
Oswel DNA Service, University of Edinburgh. The base sequences of the 
prim ers (Jiang et al., 1989) used for am plification of ¥L~ras codon 12 
sequences, and K-ras codon 12 and codon 13 are shown in Figure 2.6.2.2.
The prim ers used for am plification of H-ras codon 12 sequences 
spanned two endogenous M spI sites (CCGG). The first, one nucleotide 
dow nstream  of H5', located in the intron before exon 1, was used as a 
positive control for MspI cleavage. The second site was polym orphic for 
H -ras m utants at either of the first two positions of codon 12 (Figure
2.6.2.3.).
PCR strategy for amplification of K-ras first exon utilized the fact 
that m ism atched prim ers can effectively be used for PCR am plification 
(C ohen & Levinson, 1988). M ism atched p rim ers  w ere desig n ed  
in troducing  a single nucleotide substitu tion in both  prim ers (Figure
2.6.2.2.). A single C nucleotide was incorporated at the first position of 
codon 11 of 5' end prim er (K5') creating a Bst NX recognition site 
(CCTGG). This Bst NX cleavage site was absent in am plified  K-ras 
segments m utant at either of the first two positions of codon 12 (Figure
2.6.2.4.). A single G nucleotide was also introduced into the 3' end prim er 
(K3') as a positive control for Bst NX cleavage.
M utations at codon 13 of K-ras were screened by digestion of PCR 
am plified fragm ents w ith  the restriction endonuclease H ph  X (Figure
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2.6.2.4.). K-ras codon 13 m utations involve a substitution by an A residue 
at the second position, resulting in the replacement of glycine by aspartic 
acid in the oncogenic protein. This substitu tion  created the H ph  I 
restriction site (GGTGA) which can not be "recognized" by the enzym e 
w hen a m utation is present.
Primer A: H-ras 5': 5’ GAG ACC CTG TAG GAG GAG CC 3'
Primer B: H-ras 3': 5' GGG TGC TGA GAG GAG GGA GT 3‘
Primer G: K-ras 5': 5' ACT GAA TAT AAA GTT GTG GTA GTT GGA CGT 3'
Primer D: K-ras 3': 5’ TGA A AG AAT GGT GGT GGA GG 3'
Figure 2.6.2.2, The base sequences of the oligonucleotide primers used in the PCR 
amplification of first exon of H-ras and K-ras oncogenes in the tumour cell Imes (sequences 
taken from Jiang et al. 1989). The nucleotide substitutions introduced into K5' and K3* 
primers to create Bst NI restriction sites are underlined.
H igh molecular w eight DNA was prepared as described in section
2.5.4.I. The only difference was that the DNA had been dissolved in 10 
mM  Tris Cl (pH 7.6) and 0.1 mM EDTA (pH 8.0). Because the optim al 
concentration of Mg++ ions is quite low (1.5 mM), it is im portant that the 
preparation  of tem plate DNA does not contain high concentrations of 
chelating agents such as EDTA.
Reaction m ixtures for am plification of H-ras and K-ras sequences 
were prepared as shown in Table 2.6.2.1. and Table 2.6.2.2., respectively. 
PCR b u ffer, M gC h  solution, A m p liT a q  DNA P o lym erase , and  
D eoxynucleoside Triphosphates (dNTPs) w ere supp lied  from  Perkin 
Elmer.
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Figure 2.6.2.3. PCR amplification strategy for H-ras exon 1 sequences.
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Figure 2.6.2.4. PCR amplification strategy for K-ras exon 1 sequences.
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Table I.6.2.I. Reaction mixtures for amplification of H-ras exon 1. ®PCR reaction buffer 
consisted oflOO mM Tris-HCl, pH 8.3; 500 mM KCl; 1.5 mM Mg C12; 0.01% w/v gelatin;  ^
dNTPs were prepared as a daily working solution with 1.25 mM each dNTP;  ^ stock 
solution of primer A and B were prepared previously as equimolar mixture of 0.04 nm/5 pi 
each primer.
Cone, of Added Final A ddition
Com ponent stock volume concentr. O rder
PCR buffer^ lOX 10 pi IX 2
dATP stock 10 mM 2 pi 200 p M }
dCTP stock 10 mM 2 pi 200 pM } 3b
dGTP stock 10 mM 2 pi 200 p M }
dTTP stock 10 mM 2 pi 200 p M }
MgCl2 solution 25 mM 4 pi 1 mM 5
Prim er A 0.04 nm /5p l 5 pi 400 nM  } 4C
Prim er B 0.04 nm /5p l 5 pi 400 nM }
DNA tem plate 1 |xg/10 111 10 pi 1 pg/100 pi 6
Taq polym erase 5 U /|iI 0.5 pi 2.5 U /100 pi 7
Distilled water _ 57.5 ul 1
Total 100 pi
All components were added into sterile 0.5 ml reaction tubes [Treff 
AG] and quickly spun dow n in a microcentrifuge. The reaction m ixture 
w as then overlaid w ith 50-100 pi of m ineral oil [Sigma]. This w as to 
p rev en t ev ap o ra tio n  of the w ater at h igh tem p e ra tu re  d u rin g  
am plification. A m plification w as carried  out in a Techne Gene E 
thermocycler for 30 cycles under the conditions given in Table 2.6.2.3.
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Table I.6.2.2. Reaction mixtures for amplification of K-ras codon exon 1. ® PCR reaction 
buffer consisted of 100 mM Tris-HCl, pH 8.3; 500 mM KCl; 1.5 mM Mg C12; 0.01% w/v 
gelatin;  ^ prepared daily as a mix of 1.25 mM of each dNTP, added 16 pi per reaction;  ^
stock solution of primer C and D were prepared previously as equimolar mixture of 0.04 
nm/5 pi each primer
Cone, of Added Final A ddition
Component stock volume Concentr. O rder
PCR buffer^ lOX 10 pi IX 2
dATP stock 10 mM 2 pi 200 p M }
dCTP stock 10 mM 2 pi 200 p M } 3b
dGTP stock 10 mM 2 pi 200 p M }
dTTP stock 10 mM 2 pi 200 p M }
MgCl2 solution 25 mM 8 pi 2 mM 5
Prim er C 0.04 n m /5  pi 5 pi 400 nM } 4C
Prim er D 0.04 n m /5  pi 5 pi 400 nM }
DNA tem plate 1 pg /lO pl 10 pi 1 pg/100 pi 6
Taq polym erase 5 U /p l 0.5 pi 2.5 U /100 pi 7
Distilled water « 53.5 ul 1
Total 100 pi
Each cycle consisted of the follow ing steps: tem plate dénatu ra tion  
(melting), prim er reannealing, extention (elongation). Reaction m ixtures 
w ere subjected to an initial template melting step for before the start of 
the cycling.
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Table 2.6.2.3. The conditions for PCR amlification of H-ras and K-ras sequences. ®NC = 
number of cycles
Each of 30 cycles
Initial step Melt Anneal Extend Final step
T im e 1 m in 1 min 2 min 3 m in 5 min
Tem p. 9 4 0 c 9 4 0 c 5 5 0 c 720C 720C
NCa 1 30 30 30 1
After completing 30 cycles, the final extension step was applied in 
order to allow to complete extention of all strands. After am plification, 
the samples were stored at 4°C and w ithdraw n as required through the 
m ineral oil.
2.6.2.3. The restriction enzyme analysis
a) Restriction enzyme analysis of H-ras codon 12
Digestion of amplified H-ras exon 1 sequences (20 pi aliquots) were 
perform ed w ith 40 units of restriction endonucleases Msp I [Sigma] for 2- 
3 hours at 37°C. D igestion m ixture were prepared as show n in Table 
2.Ô.2.4.
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Table 2.6.2.4. Digestion of PCR amplified H-ms exon 1 sequences, ® Upon dilution to IX 
Pelette Buffer Blue [Sigma] consisted lOmM Tris-HCl, pH 7.9,10 mM MgCl2,50mM NaCl, 
ImMDTT.
PCR amplified samples 20 pi
lOX Palette Buffer Blue^ 4 pl
Msp I enzyme 4 pl
 Distilled water_______________________ 12 ul
Total 40 pl
A m plified  norm al H-ras fragm ents were 312 nucleotides long 
(visible by agarose gel electrophoresis and ethidium  brom ide staining). 
Digestion w ith the restriction endonuclease MspI resulted  in a band  of 
236 nucleotides and 2 smaller bands of 55 and 21 nucleotides (usually not 
seen in these gels) (Figure 2.6.2.3.). A larger band of 291 nucleotides 
indicated the detection of m utation at codon 12. The T24 hum an bladder 
carcinoma cell line, hom ozygous for the H-ras codon 12 m utan t valine 
allele was used as a positive control for H-ras codon 12 m utations.
b) Restriction enzyme analysis of K-ras codon 12 and codon 13
A m plified K-ras exon 1 sam ples were digested w ith  restriction 
endonucleases either BstN I or H ph I. BstN I was used in order to analyse 
for K-ras codon 12 m utants, and H ph I for analysis of K-ras codon 13 
m utants. PCR sample aliquots were digested for 2-3 hours w ith 40 units 
of the restriction enzyme BstN I [Sigma] at 60°C or 20 units of H ph I 
[Sigma] at 37°C. M ixture for digestion were prepared as show n in Table 
2.6.2.5. and Table 2.6.2.6.
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Table 2.6.2.5. Digestion of PCR amplified K-f«s exon 1 sequences for analysis of K-ras 
codon 12.  ^Bovine Serum Albumin solution [Sigma], required for full activity of BstN I, 
was used in concentration of 1 mg/ml
PCR amplified samples 20 pl
lOX Palette Buffer Blue 4 p l
BSA% 4 pl
BstN I enzyme 4 pl
Distilled water 8 u l
Total 40 pl
PCR am plification of K-ras exon 1 sequences generated a DNA 
fragm ent of 157 nucleotides (visible after ethidium  brom ide staining). 
U pon digestion w ith BstN I enzyme, fragments encoding norm al codon 
12 sequences were cleaved twice, resulting in a band of 114 nucleotide 
and  smaller bands of 29 and 14 nucleotides (Figure 2.6.2.4.). Fragm ents 
containing m utations at this sequence were not "recognized" by the 
enzyme and therefore were cleaved once. This resulted in a band of 143 
nucleotides and a smaller band of 14 nucleotides.
In order to screen for K-ras codon 13 m utations, PCR fragm ents 
were digested with H ph I. Norm al fragments rem ained undigested (band 
of 157 nucleotides), while codon 13 aspartic acid m utations were cleaved 
once resulting in a band of 114 nucleotides and sm aller band  of 43 
nucleotides (Figure 2.6.2.4.).
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Table 2.6.2.6. Digestion of PCR amplified K-ras exon 1 sequences for analysis of K-ras 
codon 13.  ^Upon dilution to IX Palette Buffer Green [Sigma] consisted 20 mM Tris-Acetate, 
pH 7.9,10 mM Mg(OAc>2, 50 mM KO Ac, 1 mM DTT.
PCR amplified samples 20 pl
lOX Palette Buffer Green^ 4 pl
H ph I enzyme 4 pl
 Distilled water_______________________ 12 ul
Total 40 pl
2.Ô.2.4. Electrophoresis of digested PCR fragments
D igested  DNA sam ples w ere electrophoresed  th ro u g h  either 
M e t a P h o r T M  agarose (H-ras codon 12) or nondenaturing polyacrylam ide 
gel - PAGE (K-ras codon 12 and codon 13).
M e ta P h o r™  agarose [EMC] has the finest resolution capabilities 
com pared to other agarose product and is used for analysis of larger H-ras 
fragm ents (approxim ately  300 nucleotides). H ow ever, M e t a P h o r ^ M  
agarose  app rox im ates the reso lu tion  of only low  co n cen tra tion  
polyacrylam ide gels (3.5% to 8%) and this was the reason why PAGE was 
used for analysis of smaller K-ras fragments.
a) MetaPhor’^ ^ agarose electrophoresis
Details of a typical electrophoresis conditions for M e t a P h o r T M  g e l s  
are given in Table 2.62.7. M etaPhor™  agarose [EMC] was w eighed and  
added to the chilled buffer (IX TBE). Dissolving agarose was perform end 
in m icrow ave by several short 20 to 60 heating intervals w ith  gentle 
swirling between pulses. Solution wa cooled to 60 to 70°C before casting
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the gel in a horizontal gel tray. Once the gel is cast, the m olten agarose 
was allow ed to cool at room tem perature for 30 m inutes. The gel was 
then placed at 4°C for 30 m inutes in order to obtain optim al resolution 
and gel handling characteristics.
Once chilled, the gel was overlayed with a thin layer of buffer (IX 
TBE), and the comb was rem oved. The digested DNA sam ples m ixed 
w ith  appropria te  volum e of 6X gel loading buffer consisting of the 
following:
0.25% bromophenol blue [Sigma]
40% (w /v) sucrose [BDH] 
w ater to volume
Electrophoresis were carried out at 80 V at room tem perature for 3-4 
hours. As a DNA marker, 0.5 |ig of 0X174 Hae III digest was always run  in 
parallel. 0X174 Hae III digest was prepared for electrophoresis as follows:
0.2 mg of 0X174 Hae III digest [Sigma] (supplied at
concentration 1340 p g /m l in 10 mM Tris-HCl, pHB.O, 
and 1.0 mM EDTA)
0.05% bromophenol blue [Sigma]
40% w /v  sucrose [BDH]
0.1 M EDTA, pH 8.0 
w ater to volume (200 pi).
The mixture was aliquoted (10 pi) into 0.5 ml Eppendorfs and stored 
at -20°C. 5 pi of the solution was loaded for each agarose gel.
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Table 2.6.2.7. Electrophoresis condition for MetaPhor^^ agarose gels.
Form at horizontal
Run time 3-4 hrs
Gel concentration 4%
Gel length 20 cm
Gel thickness 4-6 mm
Gel buffer IX TBE
Running buffer IX TBE
Sam ple volum e 20 pi
Voltage 4-5 V /cm
Temperature am bient
After electrophoresis, the gel was stained by subm ersion in staining 
solution of 0.5 p g /m l eth id ium  brom ide [Sigma] in IX TBE. A fter 
stain ing  for 30-45 m inute at room  tem perature, gels are view ed and 
photographed on a ultraviolet light transilluminator.
b) Nondenaturing PAGE electrophoresis
Volumes of reagents used to cast a 1.5 mm thick PAGE gel are 
show n in Table 2.6.2,8. A ppropriate volumes of 30% acrylam ide stock 
solution, lOX TBE, w ater and 10% am m onium  persulfate solution were 
pipetted into a 100 ml beaker. In order to reduce the chance of air bubbles 
form ation, the solution was deaerated in vacuum  for 20 m inutes.
The glass plates and spacers were thoroughly w ashed in detergent 
and 70% ethanol and rinse in deionized water. The glass plates m ust be 
free of grease spots to prevent air bubbles from form ing in the gel. The 
glass plates and spacers were arranged to create w atertight seal so that the
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unpolym erized gel solution does not leak out. In add ition  to prevent 
leakage of acrylamide solution, the edges of assembled gel m olds were 
sealed w ith acrylamide solution (5 ml) polymerized for this purpose with 
130 p i of 10% am m onium  persu lphate  (APS) [BRL] and  13 m l of 
N ,N ,N ',N ' - tetram ethylethylenediam ine (TEMED) [BRL],
Table 2.6.2.8. Volumes of reagents used to cast nondenaturing PAGE gels. ^Stock solution 
was prepared by dissolving 29 g of acrylamide [BRL] and 1 g of N,N'- 
methylenebisacrylamide [BRL] in 100 ml of water. ^Solution was prepared freshly by 
dissolving 1 g of Ammonium persulfate [BRL] in 10 ml of water.
30% Acrylamide^ 15.6 ml
lOX TBE 6.0 ml
W ater 37.6 ml
10% Am m onium  persulfate^ 0.42 ml
TEMED__________________________________ 42 pi
Total 60 ml
To the rest of acrylamide solution,42 pi of TEMED was added, mixed 
by swirling, and poured into the space between the two glass plates filling 
the space alm ost to the top. The appropriate comb w as im m ediately 
inserted, and  the solution was allow to polym erize for 60 m inutes at 
room  tem perature. The bottom  spacer was then rem oved and the gel 
attached to the electrophoresis tank. The reservoir was filled w ith  the 
buffer (IX TBE), the comb carefully removed, and the wells im m ediately 
flushed out w ith the buffer. It is essential to do this as soon as the comb is 
rem oved, otherw ise, small am ounts of acrylam ide solution trapped  by 
the comb will polym erize in the wells, producing d istorted  bands of
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DNA. DNA samples were mixed with appropriate am ount of gel loading 
buffer and loaded into the wells. 6X gel-loading buffer was prepared as 
follows:
0.25% bromphenol blue [BDH]
0.25 xylene cyanol FF [Sigma]
30% glycerol [Sigma] 
w ater to volume
As a DNA m arker, 5 pi of 0X174 Hae digest (see section 2.6.2.4.a) 
was run  in parallel. The gel was run under the conditions given in Table 
2.Ô.2.9.
Table 2.6.2.9. Electrophoresis conditions for nondenaturing PAGE gels
Gel type N ondenaturing PAGE
Form at vertical
Run time 3-4 hrs
Gel concentration 8%
Gel lenght 20 cm
Gel thickness 1.5 mm
Gel buffer IX TBE
Running buffer IX TBE
Sample volum e 20 pi
Voltage 4-5 V /cm
Temperature am bient
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The gel was run  until the m arker dyes have m igrated the desired 
distance. The gel was then detached from the plates and  stained w ith 
ethidium  brom ide (0.5 pg /m l) in IX TBE for 30-45 m inutes. Viewing and 
photographing was carried out on a UV light box.
2.6.4. Colony assay in semisolid media
In order to test for the capacity to grow in soft-agar, HTori3 and 
tum our cell lines were seeded in agar and in methyl cellulose.
2.6.4.I. Cloning in agar
The cell suspension was layered into 60 mm culture dishes [Nunc] 
containing a 2 ml underlayer of 0.9% (w /v ) agar [Difco], penicillin 100 
u n its /m l, streptom ycin 100 p g /m l in Ham 's F12/DM EM  m edium  w ith 
no FCS. Triplicate dishes w ere inoculated w ith  10^, 10^ or 10^ cells 
suspended in 2 ml of H am ’s F12/DMEM m edium  containing 0.3% (w /v ) 
agar,10% (v /v ) FCS, penicillin 100 un its/m l, streptomycin 100 p g /m l, and 
2 mM L-glutamine. The culture w ere incubated for 21 days at 37°C in 
hum idified air atmosphere with 5% CO2 .
The colonies were stained by adding 1 ml of staining solution per 
dish  12 hours before counting. The staining solution w as prepared  by 
dissolving 100 pg of 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-tetra- 
zolium  chloride (INT) [BDH], and 900 m g NaCl in distilled w ater (to 100 
ml). After add ing  staining solution, incubation of the cultures w ere 
continued for 12 hours in 5% CO2 fully hum idified atm osphere at 37°C. 
As v iable cells p ro life ra te  in vitro they convert the colourless
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tétrazolium  salt to a w ater insoluble red form azan w hich precipitates 
inside the cells (Bol et a l, 1977). Colonies w ith more than 50 cells were 
scored by microscopic examination.
2.6.4.2. C loning in  m ethyl cellulose
M ethocel suspension (2% stock suspension) was first p repared . 
M ethocel pow der [Fluka] was autoclaved in a beaker and  boiled distilled 
w ater poured  into the beaker. The mixture was stirred continously on a 
m agnetic  stire r [G allenkam p]. W hen the so lu tion  h ad  cooled to 
approxim ately 50°C, double strenght RPMI 1640 m edium  [ICN Flow] was 
added and then the resulting mixture w ith continously stirred overnight 
at 4°C. The suspension was then aliquoted into plastic tubes, covered 
w ith tin foil, and stored at -20°C.
Cloning was perform ed in 1.2% Methocel suspension over an agar 
base. The cell suspension was layered into 60 mm culture dishes [Nunc] 
containing a 2 ml underlayer of 0.9% (w /v ) agar in RPMI 1640 m edium  
containing penicillin 100 u n its/m l and streptomycin 100 p g /m l. The cells 
w ere diluted (10^, 10^ or 10^) w ith Methocel suspension containing 10% 
(v /v ) FCS, penicillin (100 units/m l), streptomycin (100 pg /m l), and 2 mM 
L-glutam ine. Experim ents were carried out in triplicates. The cultures 
were incubated for 4 weeks at 37°C in hum idified atm osphere containing 
5% CO 2 . Fresh Methocel suspension (1 ml per dish) w ith  the sam e 
content was added every week. Following this 4 week incubation the 
num ber of colonies w ith more than 50 cells were scored by microscopic 
exam ination.
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2.6.5. Growth curves of HTori3 cells and tumour cell lines on plastic
In order to compare grow th rate on plastic between paren t HToriS 
cells and HT3x2y (cell line established from radiation-induced tum our), 
cells were seeded into T-25 culture flasks (Nunc). Cells were trypsinized, 
and  a single cell suspension was prepared by gently pipetting  up  and 
dow n the cell suspension using a 10 ml pipette. After the cell count was 
determ ined, 2 x 10^ cells in 5 ml of m edium  containing 7% FCS were 
seeded into T-25 flasks. The cultures were gassed with CO2  and incubated 
at 3 7 0 c ,  w ith a m edium  change every third day.
Cell counts were taken daily using a Coulter counter (see section
2.6.1.1.). Experiments were carried out in triplicate. M ean values of cell 
num bers per flask were plotted against time in days.
2.6.6. Scanning electron microscopy (SEM)
The cells were grown in culture flasks to various cell densities. The 
m edium  was rem oved and the cells were rinsed in PBS. The cultures 
w ere fixed using g lu taraldehyde/paraform aldehyde fixative for 1 hour 
and  rinsed in the buffer. A disc of plastic was punched ou t w ith a heated 
copper tube cutter. The sam ples were dehydrated  th rough  ascending 
percentages of ethanol (50%; 70%; 90%; 100%) and stored in 70% alcohol 
until the final critical point drying and gold coating.
Ethanol was replaced w ith liquid carbon dioxide at the CO2 tank 
pressure in a critical point dryer (SEMIDRI-780). W hen replacem ent was 
com pleted the CO2 is then raised past its critical point by heating the CO2 .
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The pressure is then allowed to drop slowly to room  tem perature. The 
specimen is now completely dry.
The specimens were then attached to alum inium  stubs w ith double 
sided sticky tape and  coated w ith a layer of gold using a sputter coater 
(EMSCOPE SC500) for 2 m inutes at 15 mA. Observation was carried out 
under electron beam (JEOL 35CF) at low kilo voltage (10 kV).
Chapter 3 
R E S U L T S
3.1. Transformation of HToriS cells by Y-irradiation
3.1.1. T ransfo rm ation  of HTori3 cells fo llow ing  s ing le  doses of y- 
irrad iation
3.1.1.1. Experimental procedure
Exponentially growing HToriS cells in culture flasks were exposed to 
single doses of 0, 0.5, 1, 2, 3, and 4 Gy of l^^Cs y-irradiation. Follow ing 
irradiation, the cells were subcultured for a period of 6 weeks. After each 
subculture the cells were allow to reach subconfluency. Tumorigenicity of 
the cells was then determ ined by assaying the frequency of tum ours 
arising in a thymic nude mice after subcutaneous inoculation of -3x10^ 
cells. The mice were monitored for a period of 4-6 m onths as described in 
section 2.3.3. Un-irradiated HTori3 cells, but otherwise treated in the same 
way as irradiated ones, were used as a control.
3.1.1.2. Results
Tumours were observed in all the groups exposed to single doses of 
y-rays (Figure 3.1.1.1.). Three tum ours out of the 57 recipients w hich 
recieved the control non-irradiated cells were also observed. The data was 
analyzed using a G-test (Sokal & Rohlf, 1981). A com parison of the 
proportion of tum ours in the irradiated groups w ith those in the control
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suggests that there is a significant difference betw een the num ber of 
tum ours produced following irradiation as com pared to the untreated  
control (G = 36.3; degrees of freedom  (df) = 1; p<0.001). A sim ilar 
com parison between, for example, the group receiving the cells irradiated 
w ith 2 Gy w ith the control group, suggests a significant difference in the 
proportions w ith tum ours (G = 14.2; df = 1; p<0.001).
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Figure 3.1.1.1, Tumour incidence in athymic nude mice following injection of HTori3 cells 
exposed to different single doses of y-irradiation. Figures represent the number of tumours 
observed in tlie number of athymic nude mice injected.
There appears to be a trend, w ith increasing doses of radiation, 
tum our incidence increases, which then reaches a p lateau , follow ing 
which tum our incidence decreases. However, w hen the irradiated groups 
w ere com pared to one another using the G-test for hom ogeneity  the 
values of G y  were clearly not significant. It can be concluded that there is 
no evidence to suggest that there is any significant heterogeneity between 
these groups.
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3.1.2. Transformation of HToriS cells follow ing m ultiple doses of y- 
irradiation
3.1.2.1. Experimental procedure
HToriS cells growing in culture flasks were exposed either to 3 or 6 
doses of 0, 0.5,1, 2, 3, and 4 Gy of ^^^Cs y-irradiation. Between individual 
exposures cells were passaged once and allowed to reach subconfluence 
before next exposure. Follow ing final irrad ia tion , the cells w ere 
subcultured for a period of 6 weeks, at which time they were assayed for 
tum origenicity  using  a technique em ploying athym ic nu d e  m ice as 
described in section 3.1.1.1.
3.1.2.2. Results
Figure 3.1.2.1. shows the tum our incidence in nude mice injected 
w ith the cells which were irradiated with multiple doses of y-radiation. In 
the groups receiving 3 equal fractions of y-rays, tum ours were observed in 
the 1 Gy, 2 Gy and 3 Gy groups, w ith a relatively small num ber in the 
controls and the 0.5 Gy group. No tum ours were observed in the group 
receiving cells exposed to multiple doses of 4 Gy, Statistics suggest that 
there is a significant difference between the num ber of tum ours in groups 
receiving irradiated  cells as com pared to the unirrad iated  control (G = 
13.3; df = 1; p<0.001) and also in the group receiving cells irradiated w ith 2 
Gy as compared to the controls (G = 14.6; df = 1; p<0.001).
In the experim ents involving m ultiple dose of y-radiation , there 
appears to be a dose-effect relationship which can be described graphically 
by a bell shaped curve. However, the values of Gh  obtained following a 
G-test to test for homogeneity were not shown to be significantly different
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between the irradiated groups, w ith the exception of the group receiving 3 
fraction of 4 Gy (Gh  = 26.5; df = 5; p<0.001). W hen the overall tum our 
incidence of single doses of y-rays was compared w ith those of m ultiple 
doses of y-rays, no significant difference was obtained (G = 0.28; df = 1; 
p<0.5).
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Figure 3.I.2.I. Tumour incidence in athymic nude mice following injection of HToriS cells 
exposed to multiple (x3) doses of y-irradiation. Figures represent the number of tumours 
observed in the number of athymic nude mice injected.
3.1.3. Latent period for primary tumours induced by y-irradiation
The laten t period m ay be defined here as the tim e betw een the 
injection of the treated cells and the appearence of a palpable tum our 
(size of 2 m m  in diameter). The pattern  of appearance of tum ours was 
sim ilar in these two experim ents, the earliest tum our having  been
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observed at between 40-50 days, w ith a spread of latent periods up to 160 
days (Figure 3.I.3.I. and Figure 3.I.3.2.).
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Figure 3.I.3.I. Latent period of primary tumours in athymic nude mice following 
injection of HTori3 cells irradiated with single doses of y-irradiation.
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Figure 3.I.3.2. Latent period of primary tumours in athymic nude mice following 
injection of HTori3 cells irradiated with multiple doses of y-irradiation.
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3.1.4. Growth curves of primary tumours induced by y-irradiation
The growth rates of prim ary tum ours induced by single doses of y- 
irrad ia tion  were m easured and plotted  as a function of tim e (Figure
3.1.4.1.)* There was a relatively small differences in the grow th rates of the 
individual prim ary tum ours in the different treatm ent groups and  also 
w ithin the same treatm ent group. Similarly, there was a relatively small 
variations in the grow th rate of prim ary tum ours induced by m ultiple 
doses of y-irradiation were observed (Figure 3.I.4.2.).
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Figure 3.I.4.I. Growth rate curves of individual primary tumours in the athymic nude mice 
following injection of HToriS cells irradiated with different single doses of 7-irradiation.
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Figure 3.1.4.2, Growth rate curves of individual primary tumours in the athymic 
nude mice following injection of HToriS cells exposed to multiple doses of 7- 
irradiation.
3.2. Transformation of HToriS cells by a-particles
3.2.1. Tumour incidence following a-irradiation
S.2.1.1. Experimental procedure
HToriS cells (2.5x10^) were plated in specially designed dishes (see 
section 2.3.2.) 24 hours prior to irradiation to ensure that the cells were in 
exponential grow th during the time of exposure. Cells were exposed to 
single doses of 0; 0.125; 0.25; 0.5; 1; and 1.5 Gy of ^^^Pu a -p a r tic le s . 
Following irradiation, the cells were removed from the dishes by routine 
trypsin iza tion  and  p la ted  into T-75 culture flasks. The cells w ere 
subcultured for a period of 6 weeks, at which time they were assayed for 
tum origenicity (see section 2.3.3.).
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3.2.I.2. Results
Figure 3.2.1.1. shows the data for transform ation of HToriS cells 
following the exposure to single doses of a-particles. The transform ation 
incidence was plotted as a function of dose. For all doses of a -rad ia tio n , 
neoplastic transform ation was induced. No clear dose-tum our incidence 
dependency was observed.
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Dose (Gy)
Figure 3.2.I.I. Tumour incidence in athymic nude mice following injection of HTori3 cells 
exposed to different single doses of a-irradiation. Figures represent the number of tumours 
observed in the number of athymic nude mice injected.
The G-test analysis suggested a significant difference betw een the 
control w hich recieved un irrad iated  cells as com pared to the pooled 
num ber of tum ours in groups recieving the irradiated cells (G = 12.6; df = 
1; p<0.001) and compared to group receiving cells irradiated w ith 0.5 Gy 
(G = 22.1; df = 1; p<0.001).
In order to test w hether the irradiated groups differ significantly 
from each other a G-test of the homogeneity was perform ed. The values
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of Gh  obtained were not shown to be significantly different suggesting 
th a t differences in  the tum our frequencies betw een  the d ifferen t 
irradiated groups were non-significant.
A nalysis of the overall tum our incidence w ith  single doses a -  
particles as compared to single doses of y-rays suggested that there was no 
significant difference between the ability of these two types of radiation 
treatm ent to induce neoplastic transform ation (G = 3.5; df = 1; p<0.1). 
Similar to y-radiation, there appears to be a trend, w ith increasing doses of 
a -rad ia tio n , the tum our incidence increases, reaches a m axim um , 
following which tum our incidence decreases.
The Relative Biological Effectiveness (RBE) was calculated from  the 
tum our incidence data as the ratio  of y - / a -  doses to p roduce the 
m axim um  transform ation incidence. The RBE of a-particles relative to y- 
rays was about 4.
3.2.2, Latent period for primary tumours induced by a-irradiation
Similar to the y-radiation data, m ost tum ours observed follow ing 
injection of a-treated  cells had  latent periods around 80-100 days (Figure
3.2.2.I.)
3.2.3. Growth curves of primary tumours induced by a-irradiation
G row th rate curves of prim ary tum ours w ere also m easured  and 
plotted as a function of time (Figure 3.2.3.1.). There were small variations 
in grow th rates of prim ary tum ours observed after injection by the cells 
treated with different doses of a-particles.
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Figure 3.2.2.1. Latent period of primary tumours in athymic nude mice following injection 
of HToriS cells irradiated with single doses of a-irradiation.
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Figure 3.2.3.I. Growth rate curves of individual primary tumours in the athymic nude 
mice following injection of HToriS cells irradiated with different single doses of a- 
irradiation.
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3.3. Investigation of expression time in HTori3 cells following j- 
irradiation
3.3.1. Experim ental procedure
The effect of num ber of passages of HToriS cells after y-irrad iation  
on tum our incidence in nude mice was investigated . Experim ental 
protocol was schematically shown in Figure 2.3.1.1. The cells growing in
GAM MA
IRRADIATION G A M M A  IRRA D IA TED
7 DAYS 21 DAYS 4 2  DAYS
a a
2-3 MILLION CELLSTRANSPLAhfTED
TUMOURS OBSERVED 
SCREEN ED 4 '6  M O N T H S
NonirradwtedDo
*  A  A  A Aa 4 2  DAYS
2'3 MILLION CELLS TRANSPLANTED
NO TUMOURS OBSERVED
SCREENED 4 -6  M ONTHS
Figure 2.3.I.I. Schematic diagram shows experimental protocol used for investigation of 
expression time of HTori3 cells following y-irradiation.
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culture flasks were irradiated w ith 2 Gy of y-irradiation. 2-3 xlO^ of the 
irradiated cells were transplanted into athymic nude mice (as described in 
section 2.3.3.) at 0, 7, 21, and 42 day after irradiation. Between irradiation 
and  transp lan tation  cells were passaged routinely  once a w eek w ith  
m edium  change every 2 - 3  day (see section 2.1.1.). The anim als w ere 
sc reen ed  for tu m o u r fo rm ation  w eekly  for 3-6 m on ths. O nly  
progressively growing tum ours were taken into account.
3.3.2. Results
Tum ours were detected following transplantations of the irradiated  
cells at all time points tested (Table 3.3.1.1.). As a control un-irradiated 
HTori3 cells w ere transp lan ted  into nude mice. N o tum ours w ere 
observed in the control groups.
Table 3.3.I.I. Tumorigenicity of radiation-treated HTori3 cells transplanted into athymic 
nude mice at 0, 1, 21, and 42 days after y-irradiation. ^Mice were injected with 2-3 x 10  ^
viable cells, hpigures indicate the number of himours observed in the number of recipients 
transplanted.
Tim e betw een irrad iation  
and tran sp lan ta tio n
U n -irra d ia te d ^ 2 Gy y- 
ir ra d ia tio n ^
0 day 0 /9 b 4 /5 b
7 days - 3 / 6
21 days - 2 / 6
42 days 0 / 8 3 / 4
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3.4. Histological examination of the primary tumours
W hen the tum ours had attained a size of 5-9 m m  in diam eter, the 
anim als were sacrificed and the tum ours were dissected into two equal 
parts (Figure 3.4.1.). One part was used for the derivation of the cell line 
and  the other for histological examination. Routine H em atoxylin and 
Eosin staining of paraffin-em bedded sections revealed that the tum ours 
consisted predom inantly of areas of poorly differentiated cells w ith the 
occasional evidence of small follicular areas. The histological appearance 
of the p rim ary  tum our (2 Gy m ultiple dose) is illu stra ted  in Figure
3.4.2.A. (low m agnification) and Figure 3.4.2.B. (higher m agnification). 
N um erous m itotic figures were observed. Histologically, the tum ours 
appearance was consistant w ith  that of undifferen tiated , anaplastic 
carcinomas.
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3.5. Confirmation of identity of the tumour cell lines
3.5.1. Cytokeratin staining
Keratins are a group of water-insoluble cytoskeletal proteins which 
form  filam ents in all epithelia. The presence of hum an cytokeratins is 
strongly  suggestive of the hum an  epithelial n a tu re  of the cells in 
q u estio n . U sing  im m unocy tochem ical tech n iq u es  (m u rin e  an ti- 
cytokeratin  antibody MNF 116) for staining hum an cytokeratins, the 
tum our cells were stained positively (Figure 3.5.1.1.) establishing the 
hum an epithelial nature of the cell lines derived from tum ours grow n in 
nude mice.
3.5.2. SV40 large T-antigen detection
Using the monoclonal antibody PAb 405, SV40 large T-antigen was 
detected in the nuclei of the tum our cell lines established (an example 
show n in Figure 3.5.2.1.). The presence of this specific antigen in the 
nuclei shows that SV40 large T-antigen is present in these cells.
3.5.3. Chromosome analysis
Chrom osom e analyses was carried out in  order to confirm  the 
h u m an  o rig in  of the tu m o u r cell lines. F o llow ing  the in itia l 
explantation, a m ixture of both hum an and m ouse karyotypes w ere 
p resen t, w ith  hum an types predom inating. After 2 - 3  subsequent 
passages only hum an karyotypes were observed.
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Figure 3.4.1. Examples of tumour growing in athymic nude mouse.following s.c. injection of 
2-5 X 10  ^cells. A: a primary tumour generated after radiation treatment (3 doses of 2 Gy y- 
irradiation) of HTori3 cells. The site of tumour formation corresponds to the the site of 
injection. B: appearance of a primary tumour at cross section. Note a solid nature of the 
tumour without any sigh of necrosis.
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Figure 3.4.2. Histopathological section of a primary tumour grown in athymic nude mice 
following s.c. inoculation of HTori3 cells irradiated with 1 Gy y-radiation. A: the section 
shows a poorly defferentiated primary tumour (scale bar = 100 pm); B: the same section as 
A (scale bar = 25 pm). Paraffin sections were stained with Hematoxylin and Eosin.
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Figure 3.5.3.1. shows one of the hum an karyotypes. M ost karyotypes 
exam ined (20 m etaphases) revealed chromosomal abnorm alities, both 
num erical and  s tructu ra l, bu t the hum an origin w as nevertheless 
ascertained.
3.5.4. DNA fingerprinting
To confirm that the tum our cell lines were derived from the parent 
cell line following radiation treatm ent, bu t not from other tum our cell 
lines used w ithin the laboratory, DNA fingerprinting was perform ed. The 
DNA patterns were analysed following hybridization to RNA probes 19.6 
(Figure 3.5.4.I.) or 18.15 (not shown) (Carter et al, 1989). These probes are 
RNA analogues of m ultilocus 33.6 and 33.15 tandem -repetitive regions 
described by Jeffreys et a l (1985).
The DNA fingerprint of the parent cell line was com pared w ith  
those of the tum our cell lines which were believed to be derived from it. 
Eleven resolvable bands were observed in parent line (lane a) all of them 
are shared w ith the all tum our cell lines obtained (lanes b - p). There were 
no bands in HTori3 cell line that were not shared w ith the tum our cell 
lines. A sam ple from  other individual (T24 hum an b ladder carcinom a 
cell line) were included for com parison (lane T) w here no band sharing 
was observed.
From the comparison of DNA profiles of the control lane a w ith the 
tum our samples in lanes b - p it was confirmed that all the tum our cell 
lines were indeed derived from the same parent HTori3 cells. However, 
lane f show ed novel bands (arrows) that could not be m atched w ith the 
parent HTori3 cell line (lane a).
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Figure 3.5.I.I. Immunocytochemical staining of human cyrokeratin in (A) parent HTori3 
cell line (scale bar = 25 pm) and (B) radiation-transformed tumour cell line HT3xly (scale 
bar = 25 pm) using monoclonal DAKO MNP 116 antibody. Note cytoplasmic dark brown 
staining representing human cytokeratin.
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Figure 3.5.2.I. Immunocytochemical staining with monoclonal PAb 405 antibody against 
SV40 large T antigen in radiation-transformed tumour cell line HT3x2y. Note nuclear brown 
stainingh which represent the staining of the SV40 large T antigen (scale bar = 25 pm).
Figure 3.5.3.1. Microphotograph of chromosome spreads prepared from cell line 
established from a primary tumour grown in nude mouse after injection irradiated HTori3 
cells (3x2 Gy y-rays). Human karyotype confirms human origin of the cells (scale bar = 10 
pm).
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Figure 3.5.4.I. DNA fingerprints of the cell lines derived from tumour induced by ionizing 
radiation compared to presumptive parent HTori3 cell line. Autoradiograph of a Southern 
blot in which ^^F-labelled 19.6 RNA probe was used to probe Hae III digested DNA from 
individual cell lines. Lane P: plasmid DNA used as control for RNA probe; lane T: the T24 
cell line used as a control sample from other individual for comparison purposes; lane a: 
parent HTori3 cell line; lanes b - p: the radiation-transformed tumour cell lines as follows: 
lane b: HTlx0.125a2; lane c: HTlx0.25a7; lane d: HTlxO.SaS; lane e: HTlxla4; lane f: 
H Tlxl.5a9; lane g: HTlxlyc; lane h: HTlx2y7; lane i: HTlx4y6; lane j: HT3xly; lane k: 
HTlx0.5a6; lane 1: HTlx2y9; lane m: HTlxO.Sal; lane n: HTlxO.SyT; lane o: HT3x3y; lane 
p: HTlx0.25a4.
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3.6. Characterization of radiation-transformed cell lines
The cell lines derived from prim ary tum ours induced by y- and a -  
irradiations are listed in Table 3.6.1. and Table 3.6.2.
3.6.1. Morphological characteristics
M orphology of cell culture of the parent HTori3 cell line and 
radiation-transform ed tum our cell lines was examined by phase-contrast 
and  scanning electron m icroscopy. N orm al non-tum origenic p aren t 
HTori3 cells are epithelial in m orphology, with a tendency to grow  as a 
closely packed uniform  adherent monolayers in tissue culture (Figure
3.6.1.1.). Figure I.6.I.I.B . shows typical appearance of HTori3 cells at 
confluence, a small num ber of mitotic figures are visible in a background 
of non-overlapping "cobblestone" like cells.
Cultures established from prim ary tum ours, which were generated 
by irradiation retained their epithelioid character how ever were m ore 
rounded and thickened (Figure 3.6.I.2. and Figure 3.6.I.3.C. and D.). This 
is in contrasted w ith the thin, almost transparent configuration of the 
parent HTori3 cells (Figure 3.6.1.3.A. and B.).
The tum our cell lines w ere characterized by a heterogeneous 
m orphological appearance and appeared to reach a higher satu ration  
density as com pared to the parent HTori3 cells. The increased frequency 
of round  cells in the tum our cell cultures suggest an increased m itotic 
activity w hich continued even at confluence. The tum our cells w ere 
varied sizes and were irregulary shaped as compared to the parent cells.
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Table 3.6.1. Tumour incidence of HToriS cells following irradiation with single and 
multiple doses of y-irradiation, cell line established and tumorigenicity of these cell 
lines. ^Number of tumours scored per number of a thymic nude mice injected, only 
progressively growing tumours following injection of 2 - 3 x 10  ^cells. I’NT - not tested.
Dose Num ber of
(Gy X no. of T u m o u r cell lines Cell line T u m o rig e -
e x p o su re ) inc idence^ e s ta b lis h e d d e s ig n a tio n n ic ity ^
0.5 X  1 2 / 5 1 H Tlx0.5yT 4 / 4
0.5 X  3 1 /5
1 X  1 4 / 6 1 H T lxlyC 2 / 2
1 X  3 4 / 6 1 H T 3xly 3 / 3
1 x 6 2 / 3 1 H T 6xly 1 /1
H T lx 2 y l NTb
2 x 1 9 / 1 7 4 H T lx2y6 2 / 2
H T lx2y7 4 / 4
H T lx2y9 4 / 4
2 x 3 8 / 1 0 2 HT3x2y 6 / 6
HT3x2yX NTb
3 X 1 1 /3
3 x 3 5 / 6 1 HT3x3y 4 / 4
3 x 6 1 /2 1 HT6x3y NTb
4 X  1 6 / 1 3 H T lx4y6 4 / 4
4 x 3 0 / 4
4 x 6 0 / 2 - - -
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Table 3.6.2. Tumour incidence of HToriS cells following irradiation with a-irradiation, 
cell line established and tumorigenicity of these cell lines. ^Number of tumours scored per 
number of athymic nude mice injected, only progressively growing tumours following 
injection of 2 - 3 x 10  ^cells. ^NT - not tested.
Dose N u m b e r
(Gy X no.of T u m o u r of cell lines Cell line T u m o rig e -
e x p o s u r e ) inc idence^ e s ta b lis h e d d e s ig n a tio n n ic ity ^
0.125 X  1 3 / 9 1 H T lx 0 .1 2 5 a 2 7 / 7
0.25 X  1 7 / 1 0 2 H T lx 0 .2 5 a 4 3 / 3
H T lx 0 .2 5 a 7 3 / 3
H T lx 0 .5 a l 4 / 4
0.5 X  1 8 / 1 0 4 H T lx 0 .5 a2 NTb
H T lx 0 .5 a6 3 / 3
H T lx 0 .5 a 8 6 / 6
1 X  1 4 / 7 1 H T l x i a 4 4 / 4
1.5 X  1 3 / 8 1 H T l x l . 5 a 9 NTb
M ost tum our cell lines exhibited a random  pattern which contrasted w ith 
the regular organized arrangem ents of HToriS cells. N o piling  up  of 
tum our cells was observed except one focus found in culture of the 
H T S x l y  cell line. Figure 3.6.1.3.E. and F. shows a scanning electron 
photom icrograph  of a focus w ith  m assive p iling  up of round  cells 
varying in size. Criss-crossing was not pronounced.
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Figure 3.6.I.I. The morphology of the parent HTorl3 cells. Phase-contrast photographs 
were taken of the cells growing as a monolayer in culture flasks. A: HTori3 cells at low 
density; B: HTori3 cells as confluent monolayer. Scale bar represents 25 pm.
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Figure 3.6.I.2. The morphology of the cell line derived from radiation-induced primary 
tumours. Phase-contrast photographs were taken of the cells growing as a monolayer in 
culture flasks. A: HT3x2y cell line at low density; B: HT3x2y cell line at confluence. Note 
more densely packed cells with numerous mitotic figures even at confluence. Scale bar 
represents 25 pm.
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Figure 3.6.I.3. Scanning electron microphotographs of the parent HTori3 cells. A: HTori3 
cells at low densities (scale bar = 100 pm); B: HTori3 cells at hight density (scale bar = ICX) 
pm).
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Figure 3.6.I.3. Scanning electron microphotographs of the radiation-derived tumour cell 
lines. C: HTlx0.25a4 cells (scale bar = 100 pm); D: HTlx0.25a4 at higher magnification 
(scale bar = 10 pm).
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Figure 3.6.I.3. Scanning electron microphotographs of the radiation-derived tumour cell 
line. E: a focus found in culture of HT3xly cells (scale bar = 100 pm); F: a focus found in 
culture of HT3xly cells at higher magnification (scale bar = 10 pm).
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3.6.2. Tumorigenicity of the tumour cell lines
The derived tum our cell lines were further inoculated into nude 
mice to test tumorigenicity. Results are shown in Table 3.6.1. and Table
3.6.2. All cell lines tested, resulted in the production of tum ours upon  
injection of 2-3 x 10^ cells in the nude mice. The la ten t periods of 
secondary tum ours were on average shorter in com parison w ith  latent 
periods of p rim ary  tum ours. The earliest tum ours w ere observed at 
between 10-15 days with a spread of latent periods up to 6 weeks.
3.6.3. Growth curves of secondary tumours
The grow th rate of secondary tum ours were also m easured and the 
results are illustrated in Figure 2.6.3.I. and Figure 2.6.3.2. For the tum ours
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Figure 3.6.3.I. Growth rate curves of secondary tumours in the athymic nude mice injected 
with cell lines derived from primary tumours generated by y-irradiation of HToriS cells 
in vitro.
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obtained after injection of cells from various tum our cell lines, there was 
a little variation in tum our grow th rates.
1 0000
EE 1 0 0 0 " :3
I3O> 1 0 0 1
3oE3H
1 0 200
H T 1 x 0 .2 5 a 7
H T IxO SaS
HT1x0.5a6
H T Ix l  a 4
H T lx O .S a l
H T 1 x 0 .1 2 5 a 2
Weeks after transplantation
Figure 3.6.3.2. Growth rate curves of secondary tumours in the athymic nude mice injected 
with cell lines derived from primary tumours generated by a-irradiation of HToriS cells 
in vitro.
3.6.4. Cell concentration and tumour growth rate
In order to investigate w hether the cell concentration affected the 
tu m o u r g row th  ra te , nude mice w ere injected w ith  vary ing  cell 
concentration of two different cell lines: the HT3x2y (Figure 3.6.9.1.) and 
the H Tlx0.5a8 (data not shown). Cell concentrations ranged from 5 x 10^ 
to 3 X 10^ cells. Similar tum our doubling times and tum our grow th rates 
were observed in animals receiving 5 x 10^, 5 x 10^ and 2 x 10^, although 
the period of latency was longer when lower cell doses are injected. No 
progressive tum our grow th was observed in anim als receiving 3 xlO'^ 
cells.
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Figure 3.6.4.I. Growth curves of tumours in the nude mice receiving subcutaneous 
inoculations of different cells doses of a cell line derived from explants of a primary 
tumour produced by irradiating a human thyroid cell line in vitro ( 3 x 2  Gy 7- 
irradiation).
3.6.5. Plating efficiency and survival curves
The p la ting  efficiency of HToriS cells w as calcu lated  as the 
proportion of the cells capable of forming colonies w hen plated in tissue 
culture dishes. Plating efficiencies and surviving fractions of the HToriS 
cell line and 6 tum our cell lines are shown in Table S.6.5.1. For simplicity, 
w hen com paring the radiosensitivity of the tum our cell lines w ith  parent 
HToriS cells, only two dose points (2 Gy and 4 Gy) were used.
Figure S.6.5.1. shows the survival data of HToriS cells irrad iated  
w ith graded doses of y-rays and a-particles. The shape of the survival 
curve obtained w ith y-rays, w ith an initial shoulder, is characteristic of 
th a t com m only observed for m am m alian cells exposed to sparsely  
ionizing radiation. In this semi-logarithmic plot, at higher doses of y-
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Table 3.6,5.1. Plating efficiencies and cell survival of HToriS cells and 6 tumour cell lines. 
Results are based on triplicate experiments unless otherwise stated. ^Based on duplicate 
experiments; bValues are mean ± standard error of mean (S.E.M.). PE = plating efficiency.
Surviving fraction
Cell line PE (%)b 2 Gyb 4 Gyb
HToriS 24.36±2.42 0.4610.03 0.1510.03
H TlxlyC a 15.2+4.25 0.3610.02 0.0910.01
H Tlx2y6 57.0316.04 0.4210.01 0.0910.02
H Tlx2y?a 15.0014.61 0.2510.02 0.03410.01
H TSxly 26.012.54 0.4610.03 0.1210.04
HT3x2ya 16.5012.66 0.1110.01 0.0210.005
HTSxSy 18.011.77 0.3610.03 0.110.02
radiation and all doses of a-particles, the survival curve can be described 
as a straight line. The Do value was estimated to be 160 cGy and 70 cGy for 
y- and a-irradiation, respectively.
The Relative Biological Effectiveness (RBE) of a-particles, calculated 
as the ratio of Do values for y-radiation and a-particles, was 2.3. The RBE 
was also calculated from cell survival data at 10% survival level, and was 
estim ated to be approximately 4.
In order to compare the survival of the parent HToriS cells w ith  
that of the tum our cell lines, the survival curves for 6 tum our cell lines 
and  the parent HToriS cell line were plotted in the same graph (Figure 
S.6.5.2.). A two way analysis of covariance (Ancova) show ed that the line
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Figure 3.6.5.I. Surviving fraction of HToriS cells irradiated with graded doses of ^^^Cs y- 
rays and 23Spy a-particles. Results for y-rays are based on triplicate experiments, while 
experiments with a-irradiation were unreplicated. Error bars represent standard error of 
means (S.E.M.).
HT3x2y was significantly more radiosensitive as com pared to the parent 
HToriS cell line (F=3.42; df=6; p = 0.008). From the statistical analysis, 
there was no evidence to suggest that there was a significant difference in 
the radiosensitivity between any of the other tum our cell lines and the 
parent HToriS cells.
3.6.6. Com parison of grow th rates in  culture flasks
The grow th of the HToriS cell line and a tum our cell line HTSx2y 
w as com pared in culture. Cells (2 x 10^) were seeded in 25 cm^ culture 
flasks in culture m edium  supplem ented with 7% FCS (see section 2.1.1.) 
and cell counts were taken daily for a 7 day time period (Figure S.6.6.I.). 
There appeared to be a little observable difference in grow th rates between
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Figure 3.6.5,2. Survival of 6 tumour cell lines compared to HToriS cells. Data were pooled 
from 3 experiments. Error bars represent S.E.M.
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these two lines between days 1 and 6. However, on day 7 a difference in 
growth rate was observed.
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Figure 3.6.6.I. Comparison in growth rates in culture flasks between the parent HToriS cell 
Ime and the tumour cells line HT3x2y. Error bars represent S.E.M.
3.6.7, Assessm ent of anchorage dependence of HToriS cells follow ing y- 
irradiation
3.6.7.I. Experimental procedure
HToriS cells in culture flasks were exposed to 3 doses of 2 Gy y- 
irrad iation  w ith an interval of 7 days between exposures. A nchorage 
independent grow th were determ ined following each exposure, and at 
2nd and 6th passage after final exposure. Cell suspension (2,000) in 0.3% 
agar w as overlaid in 60 m m  culture dishes containing a 0.5% agar 
underlayer (see section 2.6.4.). Control cultures of un irrad iated  HToriS
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cells w ere treated identically. The cultures were assayed after a 21 day 
period for colony formation. Experiments were carried out in duplicate.
3.6.7.2 Results
The results of y-irradiation on the cloning efficiency of HToriS cells 
in soft agar are presented in Figure 3.6.7.1. No statistically significant 
difference in the cloning efficiency was observed betw een control and 
irrad iated  cultures w hen tested after 1st, 2nd, 3rd exposure, nor at 2nd 
passage after final exposure. At 6th passage, however, there was a 2-fold 
increase in the cloning efficiency of irradiated cells relative to control 
unirradiated cells.
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Figure 3.6.7.I. Cloning efficiency of the HTori3 cells in soft agar at different time points 
following exposure to y-irradiation.
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3,6.8. Cloning efficiency of the tiunour cell lines in semisolid media
The clonogenicity in semisolid media was assayed. HToriS cells and 
a tum our cell line HTSx2y were seeded in S% agar and  1.2% m ethyl 
cellulose suspension. Cultures were fed weekly and  colonies counted 
follow ing a 28 day incubation (see section 2.6.4.). Both the HToriS and 
H TSx2y cell line show ed the ability to form  anchorage-independent 
colonies in both agar and a Methocel suspension. A com parison of the 
colony-form ing efficiency betw een these two cell lines w hen grow n in 
soft agar is show n in Table 3.6.8.1. The results suggest that HTSx2y cells 
form  anchorage-independent colonies at a significantly higher efficiency 
than HToriS cells. Figure S.6.8.1. shows an example of a colony of HToriS 
and  H TSxly cells grown in S% agar for 21 days. Notice that there is 
extensive piling up of closely packed cells in the focus, form ing a compact 
colony of more then 0.2 mm diameter.
Table 3.6.8.I. Comparison of plating efficiency in soft agar and on plastic between a 
tumour cell line HT3x2y and the parent HTori3 cells. Results were based on 4 
experiments. PE = plating efficiency. ^Anchorage requirement expressed as the 
percentage of colonies in soft agar to colonies on plastic dishes, l^Values are mean ± S.E.M.
Cell line PE on plastic PE in soft agar A /P a
(%) (%)
H ToriS 2 4 .3 6 + 2 .42b 0 .40± 0 .09b 1 .6 4
H T3x2y 1 6 .5 0+ 2 .66 8 .75± 1 .96 5 3 .0 3
Resul ts / 1 4  4
Figure 3.6.8.I. A colony of HTori3 cells (A) and tumour cell line HT3x27 (B) found in soft 
agar medium after 21 day incubation. Photograph taken at phase-contrast. Scale bar 
represents 25 pm.
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3.6.9. Analysis of ras oncogenes in the radiation-transformed cells
A non-radioactive m ethod was used for the detection  of ras 
oncogene m utations in the DNA of cell lines derived  from  tum ours 
induced  by treatm ent w ith radiation (see section 2.6.2.). Genomic DNA 
isolated from the tum our cells was amplified by the PCR reaction, and 
then digested w ith specific restriction endonucleases in order to detect 
RFLP.
3.6.9.1. Detection of H-ras mutations
DNA prepared from HToriS cells, 23 tum our cell lines, as well as the 
T24 cell line (homozygous for H-ras codon 12 m utant valine allele) was 
am plified using the prim ers H5' and H3’ (see Figure 2.6.2.2. ). Msp 1 
digestion of PCR am plified DNA detected codon 12 m utations in the 
positive control T24 cells (Figure 3.6.9.1.). None of the tum our cell lines 
nor HToriS had m utations at H-ras codon 12 which could be detected by 
the m ethod described above.
3.6.9.2. Detection of K-ms mutations
PCR amplified DNA fragm ents from HToriS, the tum our cell lines, 
and  a positive control SW480 line (homozygous K-ras codon 12 valine 
allele m utation) were digested with BstN. Examination of the restriction 
patterns of the DNA indicated codon 12 m utations in the SW480 line bu t 
no m utations in HToriS and the tum our cell lines (Figure 3.6.9.2.).
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When PCR amplified K-ras DNA was digested with the restriction 
enzym e Hph I, a codon 13 aspartic acid mutation in the positive control 
HCT116 line was detected. However, negative results were obtained for 
HToriS and all tum our cell lines (Figure 2.6.9.S.)
. 4 1 0  b p 29 1  b p  2 3 6  b p
Figure 3.6.9.I.A. Detection of H-ras mutations at codon 12 in the radiation-induced tumour 
cell lines. Lane M: Hae III digestion of 0X174 DNA marker; lane U: undigested amplified 
T24 cell line DNA; lane P; positive control amplified T24 cell line DNA digested by Msp 
I; lane a: amplified HTori3 DNA digested by Msp I; lanes b-h represent Msp I digests of 
am plified DNA from radiation-induced tumour cell lines as follows: lane b: 
H T lx0.125a2; lane c: HTlx0.25a7; lane d: HTlxO.SaS; lane e: H Tlxla4; lane f: 
HTlxl.5a9; lane g: HTlxlyc; lane h: HTlx2Y7.
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Figure 3.6.9.I.B. Detection of Fl-ras mutations at codon 12 in the radiation-induced tumour 
cell lines. Lane M: Hae III digestion of 0X174 DNA marker; lane U: undigested amplified 
T24 cell line DNA; lane P: positive control amplified T24 cell line DNA digested by Msp 
I; lanes i-x represent Msp I digests of amplified DNA from radiation-induced tumour cell 
lines as follows: lane i: HT1x4t6; lane j: HTSxly; lane k: HTlx0.5a6; lane 1: HTlx2y9; 
lane m: HTlxO.Sal; lane n: HTlxO.SyT; lane o: HT3x3y; lane p: HTlx0.2Sa4; lane q: 
HTlx0.Sa2; lane r; HTlx2y6; lane s: HT3x2y; lane t: HT6xly; lane u: HT6x3y; lane v; 
HT3x2yX; lane w: HTO; lane x: HTlx2yl.
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Figure 3.6.9.2.A. Screening of the radiation-induced tumour cell lines for K-ras codon 12 
mutations. Lane M: Hae III digestion of 0X174 DNA marker; lane U: undigested PCR 
amplified SW480 cell line DNA; lane P: positive control amplified SW480 cell line 
DNA digested by BstN I; lane a: amplified HTori3 DNA digested by BstN I; lanes b-q 
represent BstN I digests of amplified DNA from radiation-induced tumour cell lines as 
follows: lane b: HTlx0.125a2; lane c: HTlx0.25a7; lane d: HTlxO.SaS; lane e: HTlxla4; 
lane f: HTlxl.Sa9; lane g: HTlxlyc; lane h: HTlx2y7; lane i: HTlx4y6; lane j: HT3xly; 
lane k: HTlxO.SaS; lane 1: HTlx2y9; lane m: HTlxO.Sal; lane n: HTlxO.SyT; lane o: 
HT3x3y; lane p: HTlx0.2Sa4; lane q: HTlxO.Sal. Numbers on the right and left denote 
the size of DNA bands in base pairs.
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Figure 3.6.9.2.B. Screening of the radiation-induced tumour cell lines for K-ras codon 12 
mutations. Lane M: Hae III digestion of 0X174 DNA marker; lane U: undigested FCR 
amplified SW480 cell line DNA; lane F: positive control amplified SW480 cell line 
DNA digested by BstN I; lane a: amplified HTori3 DNA digested by BstN I; lanes r-x 
represent BstN I digests of amplified DNA from radiation-induced tumour cell lines as 
follows: lane r: HTlx2y6; lane s: HT3x2y; lane t: HT6xly; lane u: HT6x3y; lane v: 
HT3x2yX; lane w: HTO; lane x: HTlx2yl.
M r
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Figure 3.6.9.3.A. Screening of the tumour cell lines for K-ras codonl3 aspartic acid 
mutations. Lane M: Hae III digestion of 0X174 DNA marker; lane U: undigested 
amplified HToriS DNA; lane F: amplified HCT116 cell line DNA digested by Hph I 
(positive control); lane a: amplified HTori3 DNA digested by Hph I; lanes b-i represent 
Hph I digest of amplified DNA from radiation-induced tumour cell lines as follows: lane 
b: HTlx0.125a2; lane c: HTlx0.25a7; lane d: HTlxO.SaS; lane e: H Tlxla4; lane f: 
HTlxl.5a9; lane g: HTlxlyc; lane h: HTlx2y7; lane i: HTlx4y6.
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Figure 3.6.9.3.B. Screening of the tumour cell lines for K-ras codonl3 aspartic acid 
mutations. Lane M: Hae III digestion of 0X174 DNA marker; lane U: undigested 
amplified HTori3 DNA; lane F: positive control amplified HCT116 cell line DNA 
digested by Hph I; lanes j-p: Hph I digests of amplified DNA from radiation-induced 
tumur cell lines as follows: lane j: HT3xly; lane k: HTlx0.5a6; lane 1: HTlx2y9; lane m: 
HTlxO.Sal; lane n: HTlxO.SyT; lane o: HT3x3y; lane p: HTlx0.25a4.
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3.6.10. Analysis of p53 protein in the radiation-transformed cells
The norm al parental HToriS cells and the tum our cell lines w ere 
exam ined for the expression of m utant p53 protein. Figure 3.6.10.1. shows 
a W estern  blot analysis of the p53 protein  in 6 tu m o u r cell lines. 
Im m unoprécipitation of p53 proteins was carried out by two antibodies: 
DO-1, which recognises both m utant and wild type p53 protein, and PAb 
240 which detects only the m utant type.
As a positive control for m utant p53, a hum an osteosarcom a cell 
line (HOS) was used, this was beacuse it has a p53 point m utation w ith an 
arg in ine to pro line substitu tion  at codon 152. The hum an  b lad d er 
carcinoma cell line (T24) was used as a negative control for m utan t p53 
protein. The lanes probed w ith Anti-Rb antibody IF8 gave a negative 
result, dem onstrating that there was no non-specific binding by secondary 
anti-p53 antibody CM-1.
The control and tum our cell lines gave intense positive staining (53 
kD band) for p53 w ith DO-1. In contrast, only very w eak bands w ere 
detected w ith PAb 240 antibody in the HTori3 cells and 6 tum our cell 
lines tested (Figure 3.6.10.1.). However, PCR-SSCP analysis of p53 exons 5- 
8 w as undertaken in collaboration w ith Dr. S. Gamble and Professor J. 
A rrand  at Brunei University in London. In the tum our cell lines tested 
p53 m utations at exons 5, 7, and 8 but not exon 6 was detected (Gamble et 
a l, 1995).
53 kD -'
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Figure 3.6.10.1.A. Western blot analysis of p53 protein in the radiation-induced tumour 
cell lines and their nontumorigenic cell precursor HTori3 cells. p53 from cell line extracts 
were immunoprecipitated with monoclonal antibody DO-1 (A), PAb 240 (B), or 
irrelevant negative control anti-Rb antibody (C). Immunoblots were probed with rabbit 
anti-p53 serum CM-1 and visualized using HRP-conjugated swine anti-rabbit 
immunoglobulins. Lane M: Dalton Mark VII-L protein marker; FIGS: human osteosarcoma 
cell line used as positive control for mutant p53; T24; human bladder carcinoma cell line 
used as negative control for mutant p53; HTori3: human thyroid epithelial cell line from 
which the tumour cell lines were derived by irradiation; lane Tl: H Tlxla4 tumour cell 
line; lane T2: HTlxl.5a9 tumour cell line; lane T3: HTlxlyC tumour cell line. Numbers on 
the right side denote molecular weights of the protein markers.
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Figure 3.6.10.1.B. Western blot analysis of p53 protein in the radiation-induced tumour 
cell lines and their nontumorigenic cell precursor HTori3 cells. p53 proteins from cell line 
extracts were immunoprecipitated with monoclonal antibody DO-1 (A), PAb 240 (B), or 
anti-Rb antibody (C). Immunoblots were probed with rabbit anti-p53 serum CM-1 and 
visualized using HRP-conjugated swine anti-rabbit immunoglobulins. Lane M: Dalton 
Mark VII-L protein marker; HOS: human osteosarcoma cell line used as positive control 
for mutant p53; T24: human bladder carcinoma cell line used as negative control for 
mutant p53; HTori3: human thyroid epithelial cell line from which the tumour cell lines 
were derived by irradiation; lane T4: HTlx0.125a2 tumour cell line; lane B: blank; lane 
T5: HT0.25a7 tumour cell line.; lane T6: HTlxO.SaS tumour cell line; lane C: HTori3 cells 
extract immunoprecipitated with anti-Rb antibody (irrelevant negative control).
Chapter 4 
D I S C U S S I O N
Ionizing radiation has been known to produce a num ber of different 
DNA lesions in hum an and anim al cells which can lead to cell killing, 
m utation  of a specific gene, and  carcinogenesis. D ifferent tissue types 
have different susceptibility to radiation-induced cancer. Studies have 
revealed  th a t the thyro id  gland has the second h ig h est re la tive  
radiosenitivity (after myelopoietic tissue) to the induction of radiogenic 
cancer (Storer, 1982).
There have been m any studies which have suggested an association 
betw een radiation and an increased thyroid cancer incidence. A study  of 
children treated w ith radiation for thym us enlargem ent (Simpson et a l, 
1955) and scalp ringw orm  (Albert & Omran, 1968; M odan et a l, 1977; Ron 
et al., 1989) and  cohort s tud ies on siblings in  the U nited  States 
(H em pelm ann et a l, 1975) show ed an increased incidence of thyro id  
cancer com pared to the normal population. Since the Chernobyl accident 
in 1986, there has been a substantial increase (approxim ately 80 fold) in 
the incidence of thyroid carcinoma in children in Southern Belarus and 
N orthern  Ukraine (Williams et a l, 1993).
The developm ent of a suitable in vitro model for radiation-induced 
neoplastic  transform ation  of hum an epithelial cells w ou ld  have a 
significant im portance in both cancer biology and radiation biology. Using 
the hum an thyroid follicular epithelial cells as a m odel for studying  
neoplastic transform ation has two m ain attractive features. Firstly, m ost
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h u m an  m alignan t tum ours are of epithelial origin. Therefore, the 
hum an epithelial system m ay be m ost relevant in dissecting the process 
of carcinogenesis in m an. Secondly, since the carcinogenic action of 
ionizing radiation in thyroid cells has been recognized from experim ental 
and  epidemiological studies (see above), an in vitro m odel using hum an 
th y ro id  ep ithe lia l cells m ay increase our u n d e rs ta n d in g  of the 
m echanism s underlying radiation-induced carcinogenesis in the thyroid 
gland.
In the past two decades, roden t cell m odels have been used  
extensively in studying neoplastic transform ation in vitro. These rodent 
m odels have been used successfully to quantify the carcinogenic effect of 
chemical, biological and physical agents.
In contrast, despite m any attempts, there has been very little success 
in develop ing  an in vitro m odel using hum an ep ithelia l cells. In 
particular, it has proven to be extremely difficult to achieve neoplastic 
transform ation  in vitro of hum an cells by ionizing radiation. There are 
three reasons for this observations: difficulties in m ain tain ing  hum an  
cells in cu lture , the very low transform ation  frequencies rad ia tion  
induces in hum an cells and the problem s associated w ith  detecting a 
transform ed phenotype. M orphologic change, the characteristic often 
associated w ith  neoplasia of rodent cells, does not appear to be easily 
discernible in hum an cells after treatm ent w ith carcinogens. Transform ed 
roden t cells in culture are identifiable by dense m ultilayered  colonies 
w ith random  cellular arrangem ent (Reznikoff et a l, 1973a, 1973b). Colony 
form ation in culture dishes, however, is an extremely rare phenom enon 
am ongst in vitro transform ed hum an cells. Therefore, hum an  cells 
differ from  rodent cells in that neoplastic transform ation in vitro is not 
readily identified by a change in morphology.
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It is extremely difficult to im m ortalize hum an cells w ithout using 
DNA viruses such as SV40, adenoviruses and papillom a viruses (Rhim 
et al., 1990). There have been only a few reports of im m ortalization of 
hum an cells, either spontaneously or as a result of treatm ent by chemical 
or physical agents. Interestingly im m ortalized hum an cells can be easily 
converted into neoplastic cells by certain oncogenes, for exam ple ras 
oncogenes (Rhim et al., 1990) bu t are resistant to o ther oncogenes, 
chemical and  physical agents (Rhim et al., 1986, Reznikoff et al., 1988). 
These results indicate that im m ortalization is a critical initial step for in 
vitro neoplastic transform ation of hum an cells. Therefore in this study, it 
w as necessary  to use hum an  thy ro id  ep ithelia l cells, p rev io u sly  
im m orta lized  w ith  SV40. These cells w ere d esig n a ted  as HToriS 
(Lemoine at ah, 1989).
The aim of this thesis was to study the neoplastic transform ation of 
hum an epithelial cells as a result of treatm ent w ith ionizing radiation in 
vitro. The study was designed to examine whether in vitro exposure to 
ionizing radiation is able to induce tum origenic conversion of the non­
tum origenic im m ortalized hum an epithelial cells and also how  different 
types of rad ia tion  and  rad ia tion  regim es affect the transfo rm ation  
frequency. In add ition , expression tim e follow ing irrad ia tio n  w as 
investigated and also the possible existence of markers for identifying the 
transform ed phenotype.
4.1. Transformation studies
The end point used to test for neoplastic transform ation w as the 
ability of cells to produce progressively grow ing tum ours in a thym ic 
nude  mice. The nude m ouse m odel, although not ideal, is the best
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available at p resen t and has proven to be a reliable test system  
(Giovanella et a l, 1978).
The results obtained in this study show that HToriS cells, following 
exposure to irradiation and subsequent passaging, become tum origenic, 
fo rm ing  p ro g ressiv e ly  g row ing  tum ours in a thym ic n u d e  mice. 
Statistically significant increases in tum our incidence w ere obtained w ith 
both y- and a-irrad iation  and w ith both single and m ultiple irradiation  
regimes as com pared w ith the un-irradiated group. Tum ours were also 
produced w hen irradiated cells were transplanted im m ediately following 
exposure to radiation w ithout subsequent passaging.
It was dem onstrated that neoplastic transform ation of im m ortalized 
hum an thyroid epithalial cells can be achieved in vitro by treatm ent 
w ith  ionizing radiation . M ore im portan tly , the transform ation  data  
further suggests that a single exposure to ionizing radiation is sufficient 
to cause neoplastic transformation.
M oreover, investigation of expression time follow ing irrad iation  
dem onstrated  that transplanation of irradiated cells into nude mice at 
different times after exposure did not result in a significantly different 
tum our incidence betw een the groups. These findings contrast w ith  the 
studies w ith irradiation using X-rays (Borek & Hall, 1966; Borek & Sachs, 
1967; Terzaghi & Little, 1974; 1975; Borek, 1980) and chemicals (Chen & 
H eidelberger, 1969; Kakunaga, 1975; Milo & DiPaolo, 1978; Milo et a l, 
1981; Reznikoff et a l, 1988; Bookland et a l, 1992) which have show n that 
treated m am m alian cells need a certain period of passaging in culture 
prior to transplantation into nude mice for the fixation of a transform ed 
state. It was not clear if this period of cell proliferation was necessary to 
perm it further expansion of the num ber of transform ed cells, or if further 
genetic changes may take place durig this period. Chromosome losses and
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rearrangem en ts  observed  in this period  suggested  th a t the la tter 
hypothesis may be the case (Reznikoff et al, 1988; Willey et a l, 1993).
H ow ever, the results of this s tudy  suggest that post-irrad iation  
passaging, generally regarded as an indispensible step for fixation and 
expression of radiation-induced DNA damage, was not a prerequisite for 
the neoplastic conversion of irradiated  cells. It m ay be speculated that 
these genetic changes take place upon transplantation into nude mice.
Tum ours w ere generated w ith  all radiation doses and  irradiation  
regimes used except 3 x 4 Gy y-rays. It is interesting to note that regardless 
of rad iation  type (y- and a-irrad iation) or rad iation  regim e (single or 
m ultiple doses) there appears to be a trend which can be described by a 
bell shaped curve. W ith increasing doses of radiation, tum our incidence 
increases and  reaches m axim um , after which the tum our incidence 
decreases.
However, it is evident that, due to small the sample size for some of 
the rad ia tion  doses, there is not adequate inform ation  available to 
ind icate  defin itively  the quan tita tive  relationsh ip  betw een  tu m o u r 
incidence and radiation dose. Therefore, in order to confirm this trend, 
an add itional quan tita tive relationship  betw een rad ia tion  dose and 
transform ation frequency remains to be determined.
In no instance has a linear relationship between radiation dose and 
neoplastic transform ation been dem onstrated. A com parison of the dose- 
response data for transform ation obtained with m ouse embryo fibroblasts 
(Terzaghi & Little, 1976) and ham ster embryo cells (Borek & Hall, 1973) 
w ith  those ob ta ined  here illu stra tes  one im p o rtan t para lle l. The 
tran sfo rm atio n  frequency w as found  to increase u p  to doses of 
approxim atelly 3 Gy and then reaches a plateau. At doses greater then 3 
Gy, data obtained in this study and those of Borek & Hall suggest a decline
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in  transfo rm ation  frequency. The tendency for carcinogenic dose- 
response curves to reach a saturation point and decline at high levels 
appears to be a consistent phenom enon with m any types of neoplasm s 
(Upton, 1961). It is particularly conspicuous in the induction of thyroid 
tum ours induced by in rats in vivo (Lindsay et a l, 1957; Potter et a l, 
1960).
A com parison of the transform ation frequency w ith the y-radiation 
survival data indicates that at lower doses there is a little decline in 
surv ival bu t an increase in the transform ation frequency. A sim ilar 
rela tionsh ip  betw een survival and transform ation incidence has also 
been reported previously (Borek & Hall, 1973; Terzaghi & Little, 1976). It 
has been suggested that there is minimal cell killing at low  doses because 
cells can accum ulate a certain am ount of dam age (sublethal dam age) 
w ithout reproductive cell death. While higher doses of radiation lead to 
lethal events, lower doses enhance the transform ation frequency through 
enhanced cell survival. This may explain the decline in transform ation 
incidence observed in this study  w ith the doses greater than 3 Gy y- 
irradiation.
This exp lanation  m ay be challenged w ith  a suggestion  th a t 
e ssen tia lly  every  ir ra d ia te d  cell is " in itia ted" an d  p o te n tia lly  
transform able even by a very low dose of radiation and  that a secondary 
step is a rare critical event (Kennedy et a l, 1980; Little, 1981; Kennedy & 
Little, 1984). This means that the initial num ber of cells at risk is no t a 
crucial factor in determ ining the transform ation frequency. The results 
obtained contradict this notion and support the idea that the high cell 
killing occuring in the high dose range is responsible for the decline in 
transform ation frequency.
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Early studies w ith cultured mouse cell lines suggested that a single 
exposure of low- or high-LET rad ia tion  w as sufficien t to induce 
transform ants that w ere tum origenic in vivo (Hall & Hei, 1985; Hill et 
ah , 1985; Yang et ah, 1985; G eard et ah, 1986; M iller et ah, 1989). 
Experim ents w ith  cu ltured  prim ary  ham ster em bryonic cells y ielded  
similar results (Borek, 1982; Suzuki et ah, 1989).
In contrast, studies w ith hum an epidermal kératinocytes, m am m ary 
epithelial cells (Yang et ah, 1991) and bronchial epithelial cells (Willey et 
ah, 1991) suggested that a single exposure of radiation was insufficient to 
cause full transform ation. Cells exposed to single doses of rad ia tion  
exhibited m orphological alterations or anchorage independen t grow th, 
bu t did not form tum ours in nude mice. It was therefore suggested that a 
single exposure to rad ia tion  w as unlikely to resu lt in hum an  cells 
becom ing tum origenic, b u t can how ever result in the initial step  of 
transform ation (Yang, 1991; Rhim et ah, 1993).
Results w ith single doses of a- and y-radiation obtained in this study 
in d ica te  th a t single exposure  to rad ia tio n  can fu lly  tran sfo rm  
im m ortalized hum an epithelial cells. This is in agreem ent w ith  reports 
of the succesful transform ation of hum an bronchial epithelial cells w ith 
single exposure of a-particles (Martin et ah, 1993; Hei et ah, 1994). These 
findings support the idea that transform ation of im m ortalized hum an 
epithelial cells can be achieved by single doses of radiation.
Results ind icating  that single exposure of rad ia tio n  can fully  
transform  some hum an epithelial cells do no t necessarily contradict 
those unsuccessful attem pts. These conflicting results m ay be explained 
since radiogenic transform ation  is not only species b u t also tissue 
dependent. In addition, the clastogenic effects of rad iation  m ay not be 
lim ited to the actual time of exposure, but may linger for a period after
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irradiation w ith further accum ulation of chromosomal dam age. Kadhim  
et al. (1992) dem onstrated that haemopoietic stem cells irradiated w ith a - 
particles transm it to their daugther cells chrom osom al instability  that 
m ay result in one or more visible cytogenetic aberrations m any cell cycles 
later. The nonclonality  and variab le num ber of cells in a colony 
exhibiting chrom osom al aberrations is consistent w ith  them  arising de 
novo in  cells derived from  a clonogenic cell that survived irrad iation  
before the initiation of clonal proliferation. This phenom enon m ay help 
to explain succesful neoplastic transformation of HToriS cells following a 
single exposure to radiation.
A lthough, all radiation regimes induced a statistically significant 
increase in tum our incidence, a small num ber of tum ours was obtained 
in control unirradiated group in two of the experiments. It should be said, 
how ever, tha t the control group size (92 nude mice inoculated) w as 
considerable larger as compared to the control group size in other studies 
of radiation-induced transform ation of hum an cells. Only 4 mice (hum an 
kératinocy tes; Thraves et al., 1990), and 22 mice (hum an bronchial 
epithelial cells; Hei et al., 1994) were inoculated w ith control unirradiated 
cells. Control group size used in other transform ation stud ies using 
hum an cells was not specified (Yang et a l, 1991; M artin et al., 1993)
The reasons for the observation of tum ours in the control groups 
can only be speculated. One likely cause of neoplastic conversion in the 
un treated  cells m ay be linked to p53 protein function. A ccording to the 
w idely accepted hypothesis wild-type p53 has a function as a "molecular 
guardian" m onitoring the integrity  of the genome (Lane, 1992). If the 
DNA is dam aged p53 accumulates and switches off replication to allow 
extra time for its repair. If the repair fails, p53 m ay trigger cell suicide by 
apoptosis.
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HToriS cells used in this study were im m ortalized by SV40 genome. 
Therefore the biological function of p53, as a result of binding to large T 
antigen, may have been abolished. These cells may not be able to carry out 
G l/S  arrest and can be regarded as genetically less stable. They m ay be 
m ore suscep tib le  to the accum ulation  of genetic m u ta tio n s  and  
chrom osom al rearangem ents at an increased rate, leading to the rare 
spontaneous selection of the neoplastic phenotype. This hypothesis is 
supported  by studies w ith  p53-deficient mice. They show ed that such 
anim als are susceptible to spontaneous tum ours (Donehower et a l, 1992). 
This notion w ould  be in accordance w ith the repo rt of spontaneous 
n eo p las tic  conversion  of SV40 im m o rta lized  h u m an  ep id e rm a l 
kératinocytes after approxim ately 46 in vitro passages, form ing invasive 
squam ous cell carcinomas in a thymic nude mice (Brown & Gillimore, 
1987).
The developm ent of tum ours in the control group in this study, 
to g e th e r  w ith  p re v io u s  re p o rts  of tra n sfo rm a tio n  of h u m an  
im m ortalized  cells (Tainsky et a l, 1984; Brown & G allim ore, 1987), 
indicates that "silent" genetic changes m ay have occured spontaneously 
d u rin g  the in vitro passaging  of the im m orta lised  h u m an  cells. 
Therefore HTori3 cells can be regarded  as p rem alignan t cells w ith  
increased genetic instability which could, after radiation-induced damage, 
lead to even faster accum ulation of the genetic changes w hich are 
necessary for a fully transform ed phenotype to be achieved.
A lthough it is not certain how many events are involved, there is a 
general agreem ent about the order that these events take place. This study 
confirm s the notion that im m ortalization is a critical initial and  rate- 
lim iting event in the transform ation of norm al hum an cells. Thus, to 
make a practical in vitro system with hum an cells, it is required that the
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cells escape from cellular "senescence", since this is the dom inant trait in 
all hum an cell culture (Hayflik & M oorhead, 1961). Also, norm al hum an 
cells very rarely undergo spontaneous transform ation in culture. This is 
in d irect contrast to roden t cells, w here spontaneous transform ation  
occurs frequen tly  (DiPaolo, 1983). The basis for this is no t fu lly  
understood, several expalanations, such as differences in genetic stability 
and natural life span, can be speculated (Rhim, 1993).
T his s tu d y  d e m o n s tra te d  th a t the in vitro  n eo p la s tic  
transform ation of hum an epithelial cells can be achieved in two steps: 
im m o rta liz a tio n  and  n eo p las tic  conversion . T hese re su lts  also  
dem onstrate neoplastic transform ation of hum an epithelial cells in vitro 
can be achieved by incorporating a DNA-viral gene into the cell genome 
follow ed by exposure to ionizing radiation. This supports  the w idely 
accepted m ultistep  hypothesis of neoplastic transform ation of hum an 
epithelial cell (Reznikoff et ah, 1988; Rhim, 1993). A lthough, it has been 
proposed that only one oncogene alone, v-Ha-ms (Yoakum et a l, 1985), 
m ay be sufficient for neoplastic transform ation of bronchial epithelial 
cells in vitro, the long time-scale and step-wise m ethods used to isolate 
altered cells, suggest that several steps are involved.
4.2. Histological examination of tumours
All tum ours grow n in nude mice follow ing tran sp lan ta tio n  of 
irrad iated  HTori3 cells were histologicaly examined. Paraffin-em bedded 
sections revealed that the tum ours consisted predom inantly  of areas of 
poorly  differentiated cells w ith  occasional evidence of sm all follicular 
areas. Therefore, the tum ours were all diagnosed as undifferen tia ted  
anaplastic carcinomas.
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W ynford-Thom as (1993) has proposed a m odel w hich suggest that 
neoplasia of hum an thyroid follicular cells progress along two distinct 
pathw ays: "follicular" and  "papillary" pathw ay, both  arising from  the 
follicular cells, and  culm inating in the anaplastic  carcinom a. This 
different biological behaviour may be associated with different patterns of 
oncogene activation (Lemoine et a l, 1988; Ishizaka et a l,  1989; Grieco et 
a l ,  1990; Pierotti et a l, 1992; Jhiang et a l,  1992; W illiam s & W illiam s, 
1995).
According to published reports (Kazakov et a l, 1992; Beverstock et 
a l,  1992; Furm anchuk et a l, 1992; Williams et a l, 1993; Palle & Salomaa, 
1994) thyroid tum ours in children in Belarus and Ukraine observed after 
the C hernobyl nuclear catastrophe were m ostly pap illary  carcinom as. 
A lthough estim ated doses received by the children in these two regions (2 
- 5 Gy) (Williams et a l, 1993) are comparable to doses used in this study 
(up to 4 Gy) it is striking that thyroid tum ours m ost com m only observed 
following radiation exposure were papillary carcinomas, w hich was not 
observed in the tum ours seen in the study described in this thesis. The 
basis of the difference in pathohistological picture is unknow n.
In adults a considerable proportion of thyroid tum ours consists of 
anaplastic carcinomas. On the contrary, anaplastic carcinomas are rarely 
encountered in children, w here papillary carcinoma clearly dom inates 
(Palle & Salomaa, 1994). W hereas anaplastic carcinom as in this s tudy  
w ere induced following irradiation of the thyroid follicular cells derived 
from  an adult, papillary carcinomas registered after the Chernoby accident 
w ere observed in children. It m ay be speculated tha t the observed 
difference in histological type reflects the difference in age.
Discuss ion /  1 6  6
4.3. Identification of tumour cell lines
There are a num ber instances in which w orkers have clam ed the 
successful transform ation  of hum an cells, how ever They have later 
p roved  to be the resu lt of contam ination by other cell lines cu ltu red  
w ith in  the laborato ry  and  no t as a consequence of exposure to 
carcinogenic agents (M asters et al., 1988; M cCorm ick et a l,  1988; 
C hristensen  et a l, 1993). These finding em phasize the im portance of 
careful examination of the identity of cells w ith which one is working.
The cell lines established in this study  from  prim ary  tum ours 
grow n in nude mice upon transplantation of irradiated HTori3 cells were 
dem onstrated  to be of hum an origin by karyotype analysis. Also, the 
differentiation m arker for hum an epithelial cells, cytokeratin, continued 
to be expressed in both the paren t and rad iation-induced tum our cell 
lines, confirm ing the epithelial origin of the cell lines. In add ition , 
po sitiv e  im m unohistochem ical s ta in ing  of SV40 large  T an tigen  
confirm ed tha t the tum our cell lines share this characteristic  w ith  
putative parent cells.
H ow ever, very strong evidence of cell origin came from  the DNA 
fingerp rin ting  analysis. DNA fingerprin t of the p aren t cell line was 
com pared w ith  those of tum our cell lines derived from  it. All eleven 
resolvable bands observed in the parent line were shared w ith all tum our 
cells lines. There was no band sharing with a sample included from  other 
ind iv idual for com parison. Jeffreys et al. (1985) estim ated that a m ean 
probability of band sharing was 0.2. This means that the chances that two 
cell lines w ith different origin shared 11 hyper variable DNA fragm ents
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are very low (0.2^  ^= 2x10"^). This strongly suggest that all cell lines (except 
T24 cell line) have the same origin.
H ow ever, one tum our cell line show ed novel bands. A lthough a 
single band could be argued to be due to a genetic change it is unlikely 
that several band changes can be attributed to random  m utational events. 
It p robab ly  indicates tha t there was a certain  num ber of cells of 
independent origin. It has been speculated that these novel bands were 
the re su lt of con tam ination  w ith  m ouse fib rob lasts  d u r in g  the 
establishm ent of the cell line from  prim ary tum ours grow n in nude 
m ouse. O therwise these lines shared all other (eleven) resolvable bands 
w ith  parent line indicating that the majority of the cells w ere derived 
from  HToriS cells. Nevertheless, these results clearly provide convincing 
evidence that all transform ed cell lines established are derived from  the 
paren t HToriS cell line.
4.4, Characterization of radiation-transformed tumour cell lines
The m orphology of the radiation-transform ed cell lines and parent 
HToriS cells w ere com pared. The tum our cell lines generally show ed 
some m orphological alterations such as heterogeneous appearance and 
higher saturation densities. Although one solitary focus was observed, no 
criss-cross or pilling-up growth pattern, which are features of transform ed 
ro d en t cells (Reznikoff et ah, 1973a, 1973b), w ere observed in the 
rad ia tion-transfo rm ed  hum an thyro id  epithelial cell cu ltu re . It can 
therefore be concluded that these cells retained  the basic epithelial 
m orphology of parent HTori3 cells.
All of the tum our cell lines established from prim ary tum ours have 
been re-inoculated into athymic nude mice to determ ine if the cells retain
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their tum origenic phenotype. Tum ours were detected upon  inoculation 
of all tu m o u r cell lines tested . These secondary  tu m o u rs  grew  
p rogressively  and  h ad  significantly shorter la ten t periods than  the 
prim ary tum ours. This is in accordance w ith the study w ith  the hum an 
uroepithelial cells (Reznikoff et a l, 1988; Bookland et a l, 1992). The SV- 
HUC-1 cells, transform ed after chemical carcinogen treatm ent, form ed 
tum ours in the nude mice from 8 to 10 weeks up  to 36 w eeks after 
transp lan ta tion . Cells derived  from  the prim ary  tum ours, w hen re ­
inoculated into the nude mice, produced tum ours w ith a shorter latent 
period than the prim ary tum ours. It was also dem onstrated that tum our 
cell lines p roduced tum ours from  low er cell dose challenges giving a 
clonogenic fraction between 3 x 10"4 and 2 x 10'5 cells (Riches et a l, 1994).
E xperim en ts w ere carried  o u t in o rder to d e te rm in e  the 
rad io sen sitiv ity  of the p a ren t HTori3 cells and  of the rad ia tio n - 
transform ed tum or cell lines. The shape of survival curve for HTori3 
cells obtained w ith y-rays is characteristic of that commonly observed for 
m am m alian  cells exposed to sparsely ionizing radiation . This curve 
show s an initial shoulder, im plying that y -rad ia tion  are re la tive ly  
inefficient at killing cells in the low dose region. At higher doses of y- 
radiation and all doses of a-particles, the survival curve is a straight line 
in this sem i-logarithm ic plot, im plying that in this dose range cell 
su rv iva l is an exponential function  of dose. This in itia l shou lder 
observed w ith y-rays suggest the existance of a cell repair capacity and 
represents a region in which cell killing is minimal.
In order to compare the radiosensitivity of the paren t HTori3 cell 
line w ith  the tum our cell lines derived from it, survival curves w ere 
constructed. This was necessary in order to exclude the possibility that the 
reported  transform ation was the result of the selection of a pre-existing
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transform ed subpopulation of the parent cell line. This question arose 
w hen a small num ber of tum ours were detected in a control unirradiated 
group, although at significantly lower frequency than in the irradiated  
groups. Since statistical analysis suggested that none of the 6 tum our cell 
lines had a higher radiosensitivity than the parent cells, it seems unlikely 
that a differential selection process was taking place.
The cloning efficiency of a radiation-induced tum our cell line in 
semisolid m edia was significantly higher than that of the parent cell line. 
H ow ever, investigation of the anchorage-independant (AI) grow th  of 
HToriS cells following y-irradiation did not detect any significant increase 
in cloning efficiency in soft agar at early stages following irradiation.
AI grow th is a phenotype highly characteristic of tum origenic cells 
in roden t cell transform ation in vitro, wherein it is generally considered 
to be one of the last stages in the progressive acquisition of neoplastic 
potential (Freedman & Shin, 1974; Stiles et al., 1976; Barrett et al., 1979). 
Sim ilarly, some hum an cell system s show ed an association betw een 
neoplastic transform ation and AI grow th (Milo & DiPaolo, 1978; Borek, 
1980; Sutherland et al., 1980; Silinskas et al., 1981; Tejwani et al., 1981; 
M aher et al., 1982; Zim merman & Little, 1983; Rhim et al., 1991; M ihara et 
ah, 1992; Yang & Craise, 1994). However, since m ost cells cloned in soft 
agar d id  not exhibit an indefinite grow th potential it was suggested that 
these cells growing in soft agar were abortively transform ed (Namba et 
aZ., 1985).
Transform ation of other hum an cells did not show  an association 
w ith  AI phenotype (Freedm an & Shin, 1974; Sutherland  et al., 1980). 
These findings, together w ith the present results, suggest that AI grow th 
does not appear to be an im portant indicator of neoplastic transform ation 
at early stages.
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4.5. Analysis of ras oncogenes and p53 protein in the tumour cell 
lines
The neoplastic transform ation of hum an cells is now  thought to be 
the result of m ultiple m olecular and cellular changes (W einberg, 1989). 
A lth o u g h  the m echanism s u n d erlay in g  this p rocess are p o o rly  
understood , it is believed that the inactivation of tum our suppressor 
genes (Klein, 1987), as well as the activation of cellular proto-oncogenes 
(Bishop, 1987), are involved. It is interesting that specific genes have been 
found altered in specific tum ours. Moreover, there is evidence suggesting 
a specificity for activation of particular ras gene fam ily m em bers by 
specific types of carcinogen in some types of tum ours. For example, a 
h igher rate of K-r^s m utation  w as observed in rad iation-associated  
carcinomas m ay suggest that radiation m ay preferentially activate K-ras 
in hum an cells (Lemoine et a l, 1988).
Ionizing radiation has been known to produce a num ber of different 
DNA lesions in hum an and  anim al cells w hich can lead  to gene 
m utation, and carcinogenesis. Several reports suggested that rad iation  
m ay activate cellular proto-oncogenes inducing the neoplastic process. 
Isolation of a radiation-induced dom inant transform ing sequence has 
been reported  in both tum origenic hum an kératinocytes (Thraves at ah, 
1990) and in tumorigenic m urine fibroblasts (Sawey et ah, 1987; Krolewski 
& Little, 1989). Borek et al. (1987) also repo rted  the activation  of 
distinctive transform ing genes in radiation-transform ed ham ster embryo 
and m ouse lO T l/2  cells. However, a specific radiation-induced oncogene 
has not yet been identified as a causal factor in neoplastic transform ation.
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There have been several reports on the activation of ras oncogenes 
in  rad ia tio n -in d u ced  neoplasm s. A ctivation  of ras oncogenes in 
ra d ia tio n -in d u ced  ro d e n t tu m o u rs  (G uerrero  et al., 1984a, 1984b; 
M erregaert et ah, 1986; Sawey et a l, 1987), and lung carcinom a in dogs 
(Frazier et a l,  1986) has also been reported. In addition  in rats K-ras 
oncogene activation in rad iation-induced  thyroid  tum ours has been 
reported (Lemoine et a l, 1988).
On the other hand, studies on hum an tum ours show ed contrasted 
w ith  these above observations. S tudies w ith  rad ia tio n -tran sfo rm ed  
kératinocytes (Thraves et a l, 1990; 1993) and radiation-associated lung 
cuncer (Vahakanagas et a l, 1992) suggested no activation of any m em ber 
of the ras fam ily. H ow ever, ras oncogene ac tiv a tio n  has been  
dem onstrated in radiation-associated hum an thyroid tum ours (W right et 
a l, 1991).
In this s tudy  PGR am plified  DNA from  26 rad ia tio n -in d u ced  
tum our cell lines was tested for the presence of H- and K-ras codon 12 
m utations, as well as the K-ras codon 13 aspartic m utation. No m utation 
of K- or H -ras genes in either of the lines tested has been detected. 
A lthough  ras m utation  have been show n to occur in hum an thyro id  
tu m o u rs  (Lem oine et a l,  1989), the p resent finding , together w ith  
pub lished  data (Thraves et a l, 1990; 1993; V ahakanagas et a l, 1992), 
suggest that m utations in H-ras or K-ras genes m ay no t represent the 
causal event in radiation-induced neoplastic transform ation of hum an 
thyroid epithelial cells.
Since m utations in the p53 gene are the m ost frequently identified 
genetic change in hum an cancer (Nigro et al, 1989; Takahashi et a l, 1989; 
Hollstein et a l, 1991; Levine et a l, 1991; 1994), transform ed cell lines were 
exam ined for the presence of a m utation in the p53 protein. Parent line.
Discuss ion /  1 7 2
HToriS, w as im m ortalized  w ith  an origin defective SV40 genom e, 
therefore it contained stabilized wild type p53 protein due to the binding 
to the SV40 large T antigen (Rovinski & Benchimol, 1988),
In this s tudy  the im m unoprécip itation  m ethod w as app lied  to 
d istinguish  w ild type and m utan t p53. To precipitate p53 protein  two 
antibodies were used: DO l (precipitates both w ild and m utan t p53) and 
PAb 240 (recognizes only m utan t form of p53 protein). Different point 
m utations w hich convert p53 from  recessive to a dom inant oncogene 
exert a common conformational effect on the protein which is recognized 
by PAb240. This conformational change abolishes T antigen binding and 
prom otes self-oligomerization, which suggest a "dom inant negative" or 
"transdom inant inhibitory" m odel for the function of the p53 p ro te in  
(Gannon et a l, 1990; Kuerbitz et a l, 1992).
W estern blot analysis detected p53 m utation  in HOS cell line 
(positive control) and negative results were obtained w ith  T24 cell line 
(negative control). Examination of parent HTori3 cells and  6 cell lines 
derived from  radiation-induced tum ours revealed intense 53 kDa bands 
w ith  DO-1 antibody in all cell lines tested. A lthough w eak bands were 
observed w ith mutation-specific PAb 240 antibody, these findings can be 
regarded as negative for p53 mutation.
There are two conflicting reports on association betw een  p53 
m utations and hum an thyroid tum ours. I to et a l (1992) reported  p53 
m utations at exons 5 and 8, and suggested that p53 m utations, in hum an 
thyro id  gland, play a crucial role in tum our progression. On the other 
hand, results of analysis of hum an thyroid tum ours obtained by W right 
et a l (1991) strongly suggested that p53 m utations do not commonly play 
a role in the pathogenesis of hum an thyroid carcinoma.
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However, since in the present study only a fraction of the tum our 
lines estab lished  w ere tested , no definate conclusions abou t the 
in v o lv em en t of the p53 gene in ra d ia tio n -in d u c e d  n eo p la s tic  
transform ation can be made. Testing of additional cell lines using PCR- 
SSCP techique are in progress in collaboration w ith  Professor J. A rrand 
and Dr. S. Gamble (Dept, of Biology and Biochemistry, Brunei University 
in London). Initial results indicate the existance of p53 m utations in 
exons 5, 7 and 8 (Gamble et a l, 1995). Additional evidence are required in 
order to get a more comprehensive picture of the p53 status.
N eop lastic  transfo rm ation  of hum an  th y ro id  ep ith e lia l cells 
d escribed  in  this s tu d y  seem s to p rov ide  a su itab le  m odel for 
investigating m olecular and cellular mechanisms underly ing  radiation- 
induced transform ation of hum an epithelial cells.
Chapter 5 
C O N C L U S I O N S
0 The results obtained In the transform ation studies dem onstrated  th a t 
hum an thyroid epithelial cells, which were previously im m ortalized by 
SV40 genome, can be further transform ed into a tum origenic phenotype 
following exposure to ionizing radiation in vitro.
0 Exposure to different radiation types (y- and a-irradiation) and  different 
irrad ia tio n  regim es (single and m ultip le doses) induced  neoplastic  
tran sfo rm atio n  w hich  w as detected  in the n u d e  m ouse m odel. 
Transform ation data further suggested that a single exposure to y- or a -  
radiation was sufficient to cause neoplastic transformation.
0 Regardless of the radiation type or the irradiation regime, a bell-shaped 
dose-response curve was produced. The shape of the survival curve for 
HToriS cells obtained w ith y-rays is characteristic of that com m only 
observed for m am m alian cells exposed to sparsely ionizing radiation, 
show ing an initial shoulder, im plying cell repair. At higher doses of y- 
radiation and all doses of a-partides, the survival curve is a straight line, 
suggesting that in this dose range cell survival is an exponential function 
of dose.
0 A com parison of the transform ation frequency w ith  the y -ra d ia tio n  
surv ival data indicates that at low er doses there is little  decline in 
survival, bu t an increase in the transform ation frequency. This suggests 
that high cell killing occuring in the high dose range m ay be responsible 
for the decline in transform ation frequency.
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0 Investigation of the expression time following irradiation dem onstrated  
that neoplastic transplantion  can be achieved w hen irrad ia ted  HTori3 
cells are inoculated into nude mice im m ediately after exposure. The 
results of this study thus suggest that post-irradiation passaging, generally 
regarded as an indispensible step for fixation and expression of radiation- 
induced DNA damage, was not a prerequisite for neoplastic conversion of 
irradiated cells.
0 Cell lines established from  tum ours grow n in nu d e  mice follow ing 
transp lan tation  of irrad iated  HToriS cells were dem onstrated  to be of 
hum an  origin by karyotype analysis. The differentiation  m arker for 
hum an epithelial cells, cytokeratin, continued to be expressed in both the 
parent and radiation-induced tum our cell lines, confirming the epithelial 
origin of the cell lines. Staining of SV40 large T antigen confirm ed that 
the tum our cell lines share this characteristic w ith paren t HToriS cells. 
DNA fingerprinting analysis clearly showed that all transform ed cell lines 
established were derived from the parent HTori3 cell line.
0 C om parison  of cell m orphology show ed tha t rad ia tion -transfo rm ed  
tum our cell lines retained the basic epithelial m orphology of the parent 
HTori3 cells, w ith a heterogeneous appearance and  higher sa tu ration  
density. All of the cell lines established from prim ary tum ours induced by 
irradiation retained the tum origenic phenotype in nude mice, producing 
tum ours w ith a shorter latent period. It was also dem onstrated  that 
tum our cell lines produced tum ours from lower cell dose challenges.
0 S urv ival s tu d ies  show ed  th a t tum our cell lines w ere no t m ore 
radioresistant than the parent HTori3 cells. This finding is im portan t in 
re la tion  to the transform ation  data , excluding the possib ility  tha t 
observed  transform ation  w as the resu lt of selection of p re-existing  
transform ed subpopulations within the parent cell line.
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0 A lthough  the cloning efficiency of rad iation-transform ed tum our cell 
lines was higher than that of the parent cells, investigation of anchorage- 
independent growth of HToriS cells did not detect a significant increase in 
cloning efficiency in soft agar at early stages following y-irradiation. This 
data indicates that anchorage-independent grow th is not an im portan t 
indicator of neoplastic transform ation in hum an epithelial cells at early 
stages.
0 RFLP analysis of PCR am plified DNA from radiation-induced  tum our 
cell lines detected no m utations at H- and K-ras codon 12, nor at the K-ras 
codon 13, suggesting that m utations in H-ras or K-ras genes m ay not be 
the causal event of rad ia tion -induced  neoplastic transfo rm ation  in  
hum an thyroid epithelial cells.
0 N o m utations in the p53 protein was observed in tum our lines tested. 
These results are comparable w ith the published findings which suggest 
that p53 m utations do not commonly play a role in the pathogenesis of 
hum an thyroid carcinogenesis.
0 This study  dem onstrated that the in vitro neoplastic transform ation of 
hum an epithelial cells can be achieved in two steps: 1) im m ortalization, 
and 2) neoplastic conversion. This supports the w idely accepted m ultistep 
hypothesis of neoplastic transform ation of hum an cells.
0 N eoplastic transform ation of hum an thyroid epithelial cells described in 
this study seems to provide a suitable model for investigating molecular 
and  cellular mechanisms underlying radiation-induced transform ation of 
hum an epithelial cells.
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Appendix II
TRANSFORMATION OF A HUMAN THYROID CELL LINE 
FOLLOWING EXPOSURE TO ALPHA PARTICLE OR GAMMA
IRRADIATION
I Riches A.C., ^Herceg Z., I Bryant P.E., ^Wynford-Thomas D., ^Stevens D., 
^Goodhead D.
^School of Biological & Medical Sciences, University of St. Andrews,
^Department of Pathology, University of Wales College of Medicine and 
^MRC Radiobiology Unit, Chilton, Didcot
A b s tra c t  Transform ation of hum an thyroid  epithelial cells has been 
induced  follow ing exposure of these cells to alpha particles from  a 
p lu to n iu m  238 so u rce  or caesium  137 gam m a ir ra d ia tio n . 
Transform ation was assessed by transplantation to a thym ic nude mice. 
The tum ours were classified as undifferentiated anaplastic carcinomas. 
Cell lines, p ro d u ced  from  the tum ours, ex h ib ited  a ran g e  of 
radiosensitivities but were in general more sensitive than the parent cell 
line. The hum an origin of these cell lines was confirmed by chrom osom e 
analysis, im m unocytochem ical dem onstration of specific antigens and 
DNA fingerprinting. In chemical carcinogenesis w ith  hum an epithelial 
cells, the cells have to be passaged to m aintain rap id  cell grow th  for 
several w eeks in v itro  before transform ation  can be detected. The 
expression time after irradiation in vitro was investigated. Tum ours were 
p ro d u ced  follow ing tran sp lan ta tio n  at 1, 1, 3, and  6 w eeks after 
irradiation. An estimate of the RBE for transformation was 4.
Paper w ill be presented  at the 10th International Congress o f Radia tion  
Research. (Septem ber 1995, W urzburg, Germany)
Appendix II
INVESTIGATION OF jRAS MUTATIONS AND EXPRESSION TIME IN 
RADIATION-INDUCED ONCOGENESIS USING A HUMAN THYROID
EPITHELIAL CELL LINE
Riches A., Herceg Z., Bryant P.
School of Biological and Medical Sciences, University of St. Andrews
A bstrac t Following single doses of gamma or alpha particle irradiation, 
tum ours can be induced in a hum an thyroid epithelial cell line following 
transplantation to a thymic nude mice. The RBE w as estim ated from  cell 
survival data (RBE 3.9 and 4.8) and from the tum our incidence (RBE 4). 
Cell lines derived  from  the tum ours have been screened  for ras 
m utations. Following PCR amplification, the products were digested w ith 
restric tion  endonucleases to detect endogenous or p rim er m ediated  
restriction fragm ent lenght polym orphism s. No evidence of m utations 
have been detected in H-ras or K-ras codon 12. In chemical carcinogenesis 
using hum an epithelial cell lines, cells have to be passaged follow ing 
carcinogen treatm ent before tum ours can be detected. Tum ours w ere 
p roduced following transplantation at 0, 1, 3 and 6 weeks after gam m a 
irradiation using a hum an thyroid epithelial cell line.
Paper presented at the ARR "Radiation Research 95". (April, 1995, St 
Andrews, U.K.)
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INCIDENCE OF P53 MUTATION IN LOW DOSE AND LOW DOSE- 
RATE IRRADIATED HUMAN EPITHELIAL CELL LINES
I Gamble S., ^Riches A., ^Herceg Z., ^Briscoe T., ^Bryant P., ^Colucci S., 
I A rrand J.E.
^Dept. Biology and Biochemistry, Brunei University, Uxbridge,
^School of Biological & Medical Sciences, University of St. Andrews,
^Dept. Physics, Dublin Insitute of Technology, Ireland
A bstract M utations in the p53 tum our suppressor gene are thought to be 
involved in 50 to 80% of hum an tum ours, the protein playing a key role 
in cell cycle control and DNA repair following ionizing radiation damage. 
To exam ine the role of p53 m utations in ionizing radiation-m ediated , 
m ultistage carcinogenesis in hum an epithelial cells, thyroid (HTori3, p53 
norm al) w ere irrad iated  w ith a brief single dose of y or a  rad iation  of 
between 0.25 and 2 Gy, and normal lung epithelial (L132) cells w ith 0.5 Gy 
a  (acute dose) at low dose rate (0.01 G yh-l to 0.1 Gyh"l). Irradiated HTori3 
cells were injected into nude mice, and DNA extracted from the resultant 
tum ours. L132 cells were m aintained in culture until the background 
population died back and areas of dense grow th were collected for DNA 
extraction. SSCP analysis was carried out for p53 exons 5-8. M utations 
w ere detected in HTori3 tum ours in exons 5, 7 and 8, bu t no t 6. No 
correlation has yet been found betw een m utation and dose or LET of 
radiation. Sequencing to confirm m utations and SSCP analysis of p53 in 
LI 32 cells is ongoing.
Paper p resen ted  at the ARR "R adiation Research 95". (A pril 1995, St 
A ndrew s, U.K.
Æ
Appendix II
TRANSFORMATION OF A HUMAN THYROID EPITHELIAL CELL 
LINE FOLLOWING EXPOSURE TO ALPHA PARTICLE OR GAMMA
IRRADIATION
^Riches A.C., Herceg Z., Bryant P.E., ^W ynford-Thomas D., ^Stevens D., 
Goodhead D. (1995)
^School of Biological & Medical Sciences, University of St. Andrews,
^Department of Pathology, University of Wales College of Medicine and 
^MRC Radiobiology Unit, Chilton, Didcot.
A b s tra c t  Transform ation of hum an epithelial cells by rad iation  has 
p roved  difficult. A hum an thyro id  epithelial cell line (HTori3) w as 
exposed to single doses of gamma irradiation or alpha particles from  a 
plu ton ium  238 source, using good track segment irradiation conditions. 
T um origen ic ity  w as eva lua ted  fo llow ing in v itro  p assag in g  and  
transplantation  into athym ic nude mice. No tum ours w ere observed in 
the control group w hile tum ours (27/42) were observed in the alpha 
irrad iated  (0.125 - 1.5 Gy) groups and in the gam m a irrad iated  (15/19) 
groups (2 and 4 Gy). This promises to be a useful m odel for investigating 
the  m echan ism s of rad ia tio n -in d u ced  tran sfo rm atio n  in h u m an  
epithelail cells.
Paper p resen ted  at the ARR "R adia tion  Research 94". (1994, D u b lin , 
Ireland)
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RADIATION-INDUCED TRANSFORMATION OF AN IMMORTALISED 
HUMAN THYROID EPITHELIAL CELL LINE
Herceg Z., Bryant P., Riches A.
School of Biological & Medical Sciences, University of St. Andrews,
A b stra c t Transform ation of hum an epithelial cells w ith  rad ia tion  has 
proved difficult to effect. A hum an thyroid epithelial cell line w ich has 
been im m ortalised following transfection with a plasm id containing an 
defective SV40 genome ( HTori-3; Lemoine et al, 1989, Br.J.Cancer 60, 897) 
has been used  for these studies. The cell line is non-tum origenic in 
athym ic nude mice and  expresses hum an epithelial cytokeratins and 
SV40 large T protein as revealed by immuocytochemistry. The cells were 
exposed to single or m ultiple doses of gamma rad iation  (l^^Cs) and 
passaged after each exposure to m aintain continous proliferation of the 
cells. Cells were then injected subcutaneously into athym ic nude mice 
and  screened for tum our form ation for 3-6 months. To date one tum our 
from  the 3 x2 Gy group has been observed 17 weeks after transplantation. 
Explants from  the tum our w ere grow n in vitro  and  passaged  cells 
derived. These cells were tumorigenic in athymic nude mice. The hum an 
orig in  of these cells w as confirm ed by chrom osom e analysis and  
im m unocytochem ical dem onstration  of hum an cytokeratins, large T 
protein and stabilised p53 protein. The passaged cells clone in agar, have 
an increased grow th rate and are more radiosensitive than the norm al 
epithelial p aren t cell line. This looks to be a prom ising  approach  to 
studying radiation-induced transform ation of hum an epithelial cells.
Paper presented at the m eeting of the ARR "Radiation Research 93". (July 
1993, G uildford, U.K.)
